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I. INTRODUCTION 
To say that the well-being of humankind Is profoundly influenced by 
the weather Is not to risk overstatement. Throughout history the 
seemingly innocent wanderings of climate have shaped the evolution of 
the earth's inhabitants, creating and destroying ecological havens and 
their occupants. These meanderlngs have, until now, been little perturbed 
by the activities of living organisms. The unplanned modifications begun 
by man in the last millenium have the potential to be both boon and bane; 
in a world so delicately balanced the risks are too large in proportion 
to what can be won. If mankind is to understand what it has done and is 
doing to the climate, it must understand the mechinatlons of the earth's 
atmosphere. 
Man's knowledge of the weather has largely remained confined to the 
lowest ten kilometers or so of the atmosphere; to be sure, this is where 
the most dramatic and influential meteorological events occur. However, 
the air above this lowest layer may have subtle, but significant, effects 
upon the surface weather which must also be understood. Recent observa­
tions of this middle region of the atmosphere have been relatively few, 
necessitating a reliance upon the basic physical laws as the source of 
guidance there. Unfortunately, the equations governing the motions and 
energetics of the earth's atmosphere are nonlinear and difficult to 
solve satisfactorily. This intractability greatly hinders the under­
standing of the relative importances of ongoing physical processes. 
Certain approximations that linearize the system of equations are 
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possible, but their use raises two issues. The first concerns the 
validity of the approximation, which can be verified by a careful exami­
nation of the real atsmophere. The second issue is more fundamental, 
however, and asks if predictions based on solutions of the system of 
linear equations resemble actual observations. It is mainly through the 
resolution of this question that true insights into the workings of the 
atmosphere may be gained. 
It is particularly informative when the predictions of theory, 
shaped by useful approximations, reflect observed atmospheric features. 
This study concerns an example of this in the case of the 4-day wave, so 
named by Venne and Stanford (1979). The 4-day wave is a sinusoidal 
feature present in the temperature field of the winter polar stratosphere. 
It has one wavelength encircling the earth along a line of latitude (i.e. 
zonal wavenumber 1 structure) and moves eastward through that distance in 
4 days. In this study, it will be demonstrated that a polar-plane geom­
etry can be used to obtain exact solutions to the linear equations of 
motion, and that certain of these solutions resemble the 4-day wave. In 
order to do this, it will be assumed that the stratospheric temperature 
is a function of pressure only (i.e. a barotropic, rather than baro-
clinlc, stratosphere), and that the only relevant wind near the pole is 
in solid rotation about it. 
As a part of demonstrating this agreement between theory and obser­
vation concerning the 4-day wave, a description of the data used in this 
study will be presented. Both the data sources and the methods of 
analysis will be described, with a special emphasis placed on the 
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distortions inherent in the data. The results of middle and high 
latitude wave studies will be given to provide both a confirmation of 
the correctness of the analysis techniques, through the detection of 
previously observed waves, and an overview of stratospheric wave activity. 
The sensitivity of the 4-day wave to the magnitude of the zonal wind, 
implied from theory, will be tested through case studies of the effect 
of major and minor sudden warmings. Stratospheric sudden warmings are 
frequent winter occurrences which can greatly alter the meridional temper­
ature gradient, thereby modifying the zonal wind. 
It will be instructive to first briefly review the general nature 
of the stratosphere and the classes of atmospheric waves that have been 
observed there. 
A. The Stratosphere 
The stratosphere is commonly thought of as the region of the 
atmosphere between the altitudes of 10 and 50 km, corresponding to the 
200 and 1 mb pressure levels, respectively. The limits of the strato­
sphere are determined by the thermal structure of the atmosphere, 
depicted in Figure 1 by the U.S. Standard Atmosphere of 1962. The lower 
boundary, termed the tropopause, is located at the level where the 
cooling with height of the troposphere ends. The temperature maximum at 
50 km altitude, caused by the absorption of solar radiation by ozone, 
marks the upper boundary and is called the stratopause. As opposed to 
the troposphere and mesosphere, the stratosphere has increasing tempera­
ture with height. It is, therefore, a region of great stability. This 
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Figure 1. The average atmospheric temperature, density and pressure in 
relation to height above the earth's surface. The accepted 
nomenclature of atmospheric regions is used. The temperatures 
represent the U.S. Standard Atmosphere of 1962, and the 
Figure is adapted from the Handbook of Geophysics and Space 
Environments (S. L. Valley, editor) 
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stability prevents the free mixing of stratospheric and tropospheric 
air. 
Figure 2, from Murgatroyd (1969), presents the average stratospheric 
winds and temperatures at the time of the winter and summer solstices 
The winds of the winter hemisphere are marked by a strong midlatitude jet 
stream having eastward speeds of ^80 m s ^  near the stratopause. A sub­
tropical Jetstream occurs at the tropopause and has eastward wind speeds 
of 'V'30 m s The stratospheric jet of the summer hemisphere is westward 
and somewhat weaker, whereas the tropopause jet remains eastward. The 
reversal of the stratospheric jet stream is a consequence of the seasonal 
influence on the variation of solar flux with latitude. This variation 
is evidenced in very warm temperatures that occur at the summer polar 
stratopause. 
Detailed reviews of the stratosphere may be found in Murgatroyd 
(1969), Holton (1975), and Houghton (1978). 
B. Stratospheric Waves 
The types of oscillations that occur in the earth's atmosphere are 
many and greatly varied. Those that are often observed in the strato­
sphere can be organized into four major classes: acoustic (sound) waves, 
internal gravity waves, tides, and planetary waves. These are briefly 
described in this section; a comprehensive review of atmospheric waves 
has been written by Beer (1974). 
Acoustic waves are longitudinal compression waves whose basic speed 
of propagation is determined by the molecular properties of air. In 
6 
SUMMCI WINTER 
0.03 
,170* >240' ,IM« 
.190' 
230 230, 
290 260 
1 
210 
30 i 
200 
.220-
,210' 
too 
200 
300 ,230' 
•290, lOOO 
^UtlTUOl 
IUMM» 
0.03 
0.3 
1 
i 
200 
1000 
\»nTuo# 
Figure 2. The zonal mean temperatures (a) and zonal winds (b) at the 
solstices as a function of height and latitude. Temperatures 
are in degrees Kelvin and winds in m The tropopause 
is depicted by the dashed lines 
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general, their direction of motion is influenced only by the wind. These 
waves have little, if any, importance to the mechanics of the strato­
sphere. 
Internal gravity waves, on the other hand, can transport significant 
amounts of energy and momentum. They are named for their restoring force 
and are more properly known as buoyancy waves (Holton, 1979). These 
waves can exist in a stably stratified medium, where vertical deviations 
from equilibrium positions can be restored by the buoyant forces arising 
from differences in density. Internal gravity waves have periods of 
minutes to hours and horizontal wavelengths on the order of 1 to 100 km. 
They can be excited by the passage of air over mountains (producing lee 
waves), thunderstorms, large explosions or other local phenomena. 
Atmospheric tides are global oscillations with zonal wavenumbers 1 
or 2 and periods of 1 or 0.5 days, respectively. They are excited by 
the diurnal heating of ozone and water vapor by solar radiation. Their 
interaction with the general circulation and other atmospheric phenomena 
is not known. 
The remaining general class of oscillations is the group of large-
scale planetary waves, also known as Rossby waves. Planetary waves 
exist by virtue of their large latitudinal extent, over which the 
Coriolis force varies significantly. In the stratosphere and upper 
troposphere, the balance between the pressure gradient force and the 
Coriolis force conserves the planetary waves' energy. This balance 
results in winds that are termed geostrophic. Geostrophic winds are 
perpendicular to the gradient of geopotential, which is a measure of the 
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gravitational potential energy of an air column with one end on the 
earth's surface and the other at a specified pressure level. Typical 
planetary wave periods are one or more days, and the zonal wavenumbers 
range in general between 0 and 5. 
Planetary waves can be divided into two categories on the basis of 
their ability to transport energy and momentum. The first subgroup is 
known as forced waves, and the members characteristically transport 
large amounts of energy vertically and horizontally. Forced waves are 
Important to the maintenance of the general circulation for this reason. 
This is especially true in the stratosphere, which has no internal energy 
sources aside from the ozone heating in its upper sections. Because of 
this, all forced waves present there must originate at other levels. The 
troposphere is the primary source of these waves, because of the tre­
mendous energy released through its baroclinicity. 
Observations of forced waves in the Northern, Hemisphere (NH) winter 
by Hirota (1968, 1976), Hirota et al. (1973), and Hirota and Sato (1969) 
Indicate that they typically are quasi-stationary or slowly westward 
moving. Only wavenumbers 1 to 3 are found to have sizeable amplitudes, 
in accordance with the theories of Chamey and Drazin (1961). They 
found that upward wave propagation from the troposphere would occur only 
during times of moderate eastward winds, and would be inhibited at larger 
wavenumbers. Their findings were later modified by Dickinson (1968a), 
who found that the strong eastward winds of the lower winter stratosphere 
would not hinder planetary wave propagation as previously thought. 
Observations of Southern Hemisphere (SH) forced waves by Labltzke and 
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van Loon (1972), van Loon et al. (1973), Leovy and Webster (1976), and 
Hartmann (1976, 1977) show the same general features to be present. How­
ever, the quasi-stationary wave amplitudes are somewhat less. Labitzke 
and van Loon found that winter forced standing waves, with periods ^  30 
days, have amplitudes at the 30 mb level of 'v 9 K in the NH and ^5 K in 
the SH. Murgatroyd (1969) finds standing waves of amplitude ^10 K at 
30 mb and 60*N latitude. The forced waves tend to move eastward in the 
SH, an effect likely due to the greater Doppler shifting by the stronger 
SH zonal winds. Forced waves in the summer hemispheres are much weaker 
(Hlrota, 1975), and are of lesser importance than the winter waves. 
The fact that forced waves transport energy and momentum can be 
seen in their longitudinal phase structures. As shown by Eliassen and 
Palm (1960), planetary forced waves which have upward energy flux tilt 
westward with height. Likewise, waves in the NH which have crests or 
troughs that run southwest to northeast transport momentum poleward. In 
the SH, poleward transport is indicated by a northwest to southeast tilt. 
Deland (1977) came to similar conclusions in his study of downward-
propagating planetary waves. It is generally accepted that extra-tropical 
planetary waves which feature significant latitudinal and vertical phase 
structures (other than simple 180° phase shifts) are forced waves. 
Forced waves generally derive their energy from either the passage 
of winds over the earth's major mountain ranges or the baroclinicity of 
the midlatitude troposphere. Two identified planetary waves have been 
observed in the tropics, however, where neither source is available. 
These are the Kelvin and mixed Rossby-gravity waves. As described by 
Wallace (1973), the Kelvin wave is a wavenumber 1 or 2, eastward moving 
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feature with a period of "^15 days. The mixed Rossby-gravity wave is a 
westward moving, wavenumber 4, 4 to 5 day period wave. Both are thought 
to be driven by large, organized regions of convective heating in the 
troposphere (Holton, 1979). 
The second category of planetary waves encompasses those oscilla­
tions that do not transport either energy or momentum. These waves are 
called normal mode oscillations of the atmosphere and are excited by 
random, rather than coherent, perturbations. Normal mode wave amplitudes 
are typically at the level of background noise, making their detection 
difficult. A second difficulty is presented by the global scale of the 
waves. In order to confirm the presence of the graver normal modes (that 
is, the modes with simple latitudinal structure), it is necessary to 
have data that has been collected simultaneously in both hemispheres. 
A summary of the observed normal modes is deferred to the next section. 
Rossby et al. (1939), in a study of tropospheric eddies, showed that 
the motion of large scale atmospheric features was controlled by the 
background zonal wind and the conservation of vorticity. (Vortlcity is 
a measure of the rotation present in a windfield and is composed of two 
terms. The first is the vector curl of the horizontal winds. The second, 
termed planetary vorticity. is due to the rotation of the earth and 
varies in proportion to the sine of latitude. Because vorticity is a 
conserved quantity, an interaction occurs between a wave's position on 
the earth and its curvature which maintains a stable wave structure.) 
Rossby was further able to show that the phase speed c of a wave relative 
to the earth is given by 
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where u is the mean zonal wind (positive eastward), 3 is the meridional 
derivative of planetary vorticity, and L is the zonal wavelength. This 
equation showed that the waves should move westward relative to the 
background winds; only the larger-scale waves were seen as westward 
moving in the presence of moderate eastward winds. Further studies by 
Haurwitz (1940) and Lindzen (1967) expanded Rossby's work. Lindzen 
obtained a better approximation to the earth's sphericity through the 
use of the 3-plane approximation. His g-plane was a channel encircling 
the earth between two specified latitudes, in which the planetary 
vorticity was taken as constant. However, 3 was allowed to assume the 
value it had at the center of the channel. 
Longuet-Higgins (1968), hereafter denoted by LH, solved the 
governing eddy equations using a numerical method, and obtained descrip­
tions of wave modes on a sphere. The solution of these perturbation 
equations was made through a separation of variables which isolated 
vertical from horizontal structure. The separation constant was termed 
the equivalent depth h. The solutions of LH were for various values of 
h, and took the form of linear combinations of spherical harmonic func­
tions known as Hough modes. 
The equivalent depth, an important variable in many studies, is 
equal to Hc^/c^, the product of the ratio of specific heats and the 
scale height of the atmosphere H. The scale height in an isothermal 
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atmosphere is the enfolding vertical distance of pressure and density. 
• / 
In the stratosphere H is roughly 7.5 km and h is therefore "^/lO km. 
The vertical structure of normal modes is characterized by very 
long wavelengths, generally on the order of 100 km or greater (Lindzen, 
1967). This means that normal modes display very minor vertical phase 
tilts in comparison to those of forced modes. The relationships derived 
by Eliassen and Palm (1960) indicate that normal modes should have in­
significant latitudinal phase structure, again in contrast to the strong 
phase tilts of forced modes. As a consequence of their insubstantial 
transport of energy, normal modes generally have an energy density that 
is constant or slowly decreasing with height. The wave amplitude 
increases with height in order to compensate for the decreasing air 
density. 
Normal mode oscillations have no known role of importance in the 
energetics of the stratosphere because of their small amplitudes. How­
ever, they serve to provide a means of testing the laws of atmospheric 
dynanJ.cs. 
C. Observed Normal Modes 
The number of observed normal mode planetary waves has grown in 
recent years, due to both increased interest and better data sources. 
Despite these factors, the list of observed modes given in Table 1 is a 
short one. Their order of presentation is from longest to shortest 
period, without regard to wavenumber or direction of propagation. The 
period, as used here, is defined to be the time required for a wave to 
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Table 1. The observed normal mode oscillations of the atmosphere 
Period 
(days) 
Wave-
number 
Motion Hough 
mode 
Where observed 
'\,16 1 wes tward all levels 
8 1 wes tward ® 2 winter stratosphere 
7.5 0 - - lower stratosphere 
5 1 westward all levels 
4 1 eastward - winter polar stratosphere 
2 3 westward stratosphere and mesosphere 
move one wavelength. Hence, the time required for a wave to pass 
through 360 degrees of longitude is the product of its period and wave-
number. It follows that a wave's zonal phase speed is proportional to 
the inverse of its wavenumber. Waves with wavenumber zero structure do 
not propagate zonally; in their case, the concept of period applies to 
amplitude pulsations. 
Some of the wave modes listed have been identified as corresponding 
to certain of the Hough mode solutions of LH and Kasahara (1980), with 
varying degrees of confidence. Where these pairings have been made, 
either by this author or others, the appropriate Hough mode is given. 
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Using the notation of Kasahara (1980), the Hough modes corresponding to 
Ic 
the solutions of the perturbation equations are denoted by G where k 
is the zonal wavenumber and H, is the latitudinal structure coefficient. 
For planetary waves, the modes with even(odd) ^-values are antisymmetric 
(symmetric) about the equator. The complexity of the wave's meridional 
structure increases with &. 
The 16-day wave of Madden (1978) is a true normal mode. It is a 
westward traveling wavenumber 1 feature, having little phase variation 
with height or latitude where its amplitude is significant. The actual 
16-day wave period varies between 1-3 weeks, and it is observed in sea 
level pressure (SLP) and tropospheric geopotential data. Chapman and 
Peckham (1980) also observe the wave in data collected by the Nimbus 5 
satellite. Their data represent the temperature in the vicinity of the 
tropopause. Kasahara (1980) has identified the wave as the second 
gravest wavenumber 1 symmetric Hough mode © g, modified by the zonal 
wind. 
Chapman and Peckham (1980) also observe a westward moving wave-
number 1 feature with a period of 8 days. This can be tentatively 
identified as the Hough 0 ^  mode, the second gravest antisymmetric 
structure. Both the 8- and 16-day waves have amplitude maxima near 
60° latitude and are observed mainly in the winter hemisphere. 
A 7.5 day period disturbance is observed by Ebel et al. (1978) as 
a wavenumber 0 oscillation in Nimbus 4 measurements of the lower 
stratosphere. While the authors find that the wave reflects solutions 
to the tidal (or perturbation) equations, no particular Hough mode is 
identified. 
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Perhaps the most frequently observed and completely studied normal 
mode is the 5-day wave. It is a wavenumber 1 westward traveling wave 
with amplitude maxima near 40° latitude in both hemispheres simul­
taneously, making it a truly global wave. The 5-day wave is first 
observed by Eliasen and Machenhauer (1965) in their spherical harmonic 
analysis of low-level geopotentials. Bradley and Wiin-Nielsen (1968) 
determine that in the lower troposphere the wave tilts westward with 
height, while above this it is generally vertical. The wave is seen in 
the SLP data of tropical stations by Madden and Julian (1972) and in 
the stratospheric 10 mb geopotentials by Deland (1972). Further studies 
by Misra (1975) and Burpee (1976) on tropical data suggest the normal 
mode nature of the wave, while Rodgers (1976) demonstrates that it 
exists on a global basis in the stratosphere through the use of Nimbus 5 
data. Madden (1978) provides a comprehensive examination of the wave 
and concludes that it is a normal mode through the use of tropospheric 
data. The 5-day wave is the gravest symmetric wavenumber 1 Hough mode 
0 and exists on the global scale by virtue of its insensitivity to 
the zonal wind. This latter fact is demonstrated by the numerical 
studies of Geisler and Dickinson (1976), who reproduce the wave in an 
atmospheric model which features realistic zonal winds. Kasahara (1980) 
also found that the 5-day wave is little changed by the introduction of 
realistic zonal winds. Figure 3 depicts the latitudinal variation of 
the zonal wind, meridional wind, and geopotential disturbances caused 
by the 16, 8 and 5 day waves, as calculated by Kasahara. 
16 
ZONAL WAVENUMBER ONE PERK» 4.89 MYS 
1.5 r—T" I 1 I I 1 1 1 ' —1—1—1—1—r- 1 1 1 -
1.0 - ^ 
0.9 
1 
0 
1 S 
-1.0 -
-1.9 - I l l  1  1  1  1  1  I I I -
90" GO" 30" 0® 30" GO" 90" 
SOUTH LATITUDE NORTH LATITUDE 
ZONAL WAVENUMBER ONE PERIOD 9.91 DAYS 
1.5 r—1 -I • 1 I 1 1 1 1 — 1 — r - i -  r  1  1 1 1 -
1.0 -
0.9 / y V 
0 NN. III"* t—— , 
-0.5 
-1.0 y 
-1.5 - 1 1, 1 1 ......J.. .1.,. 1 1 1 1 1 1 1 1. 
90" 60" 30" 0" 30" 60" 90" 
SOUTH LATITUDE NORTH LATITUDE 
ZONAL WAVENUMBER ONE PERIOD 18.39 DAYS 
1.0 
0.3 
-0.9 
-1.0 
-1.9 
30" 
NORTH LATITUDE 
*0" 90" 60" 30" 
SOUTH LATITUDE 
60" 
Figure 3. The 5, 8 and 16 days period normal mode wave components in 
the presence of realistic tropospheric zonal winds as 
calculated by Kasahara (1980). The wave zonal and meridional 
wind amplitudes are indicated by the curves marked U and V, 
respectively; the wave geopotential amplitude is denoted by 
the curve labeled Z. The dashed lines represent wave ampli­
tudes in a motionless background atmosphere; the solid 
lines are the wave amplitudes with realistic winds. All 
amplitudes are in arbitrary units 
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The 4-day wave of Venne and Stanford (1979) is a wavenumber 1 
disturbance which exhibits the classic normal mode structure, in that 
only minor phase tilts are observed in both the horizontal and vertical. 
The maximum amplitude occurs at roughly 72° latitude of the winter 
hemisphere, and the propagation is eastward. The only observations come 
from analysis of Nimbus 5 measurements of the upper and lower strato­
sphere. A particular Hough mode is advanced as corresponding to the 
4-day wave in a later section of this work. 
The last observed member of the normal mode class is the 2-day 
period westward moving wavenumber 3 disturbance. It has been detected 
in meteor winds by Muller and Nelson (1978), and possibly in the 50 mb 
winds and temperatures by Stening et al. (1978). Relatively little is 
known about the structure of this wave. If it actually is a normal 
3 
mode wave, it is possibly the gravest antisymmetric Hough mode 0 Q. 
These, then, are the known normal mode oscillations seen in the 
atmosphere. All of the well-studied waves exhibit the structure 
expected of normal modes in that they show little phase variation with 
height or latitude, and have increasing amplitude with height. Only 
the 4-day wave seems to violate the empirical rule that normal modes of 
nonzero wavenumber must propagate westward. The 4-day wave is also 
atypical in that its amplitude maximum occurs at very high latitudes. 
It is shown in this study that, despite these deviations from the norm, 
the 4-day wave is a normal mode oscillation. 
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II. DATA AND ANALYSES 
A. Data Sources 
The data used in this study originate from three sources: 
satellite infrared radiance measurements, synoptic geopotential height 
fields, and ground station radiosonde measurements. In this section, 
each will be described to the extent that it pertains to the under­
standing of the current work. 
The Nimbus 4 and Nimbus 5 polar-orbiting satellites (hereafter 
N4 and N5, respectively) measured infrared radiance emissions of 
atmospheric carbon dioxide molecules at 15 ym wavelengths. Through 
the use of an instrument called the selective chopper radiometer (SCR) 
various portions of the emission line could be sampled. Detailed 
descriptions of the N4 and N5 SCRs were given by Abel et al. (1970) 
and Ellis et al. (1973), respectively. A limited capability to 
resolve vertical temperature structure was achieved through the effects 
of atmospheric absorption, Doppler broadening and collisional broaden­
ing. Each SCR channel sampled a broad layer of the atmosphere which, 
in general, overlapped extensively with the layers of other channels. 
The measured radiance for each channel represented the temperature 
averaged over that channel's vertical weighting function. These 
weighting functions, depicted in Figure 4, were described by Barnett 
et al. (1975). It is important to note that, because of the broadness 
of the weighting functions, thermal structures with vertical wave­
lengths of ^20 km or less could not be detected by a single channel 
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Figure 4. The vertical weighting functions of the Nimbus 4 (a) and 
Nimbus 5 (b) satellites. The weights are given on an 
arbitrary scale 
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(Hirota, 1979). 
While It Is possible to convert the radiance measurements to 
reasonably accurate temperatures, the process required is both costly 
and time-consuming. In this study, use is made of the fact that one 
radiance unit (RU) is very nearly equal to one Kelvin degree. (One RU 
is defined to be a mW m ^ ster ^ (cm ^.) This permits the amplitude 
of deviations from the mean, such as Fourier components of nonzero 
wavenumber, to be efficiently cast as temperature differences. The 
analyzed results of this study will be presented in terms of the RU, 
with the use of the simple radlance-to-temperature conversion confined 
to the discussion of their interpretation. 
The orbital characteristics of the N4 and N5 satellites are 
essentially identical, and affect the collected measurements in subtle 
ways. Both satellites are of the sun-synchronoug,polar-orbiting type. 
This means that equator crossings of the satellites occur at local 
noon (northward moving) and local midnight (southward moving) only, 
simplifying the corrections needed to eliminate diurnal variations. 
A near-global coverage (over 98% of the earth's surface) extending from 
80®S to 80°N latitude is also provided, with the great advantage that 
all measurements are taken with one instrument. The unfortunate draw­
back to this type of orbit is that the data collected are not synoptic, 
or simultaneous, in nature. Because the global coverage is a result of 
the earth's rotation beneath the satellite, a full 24 hours Is required 
to obtain a complete day or night data set. The subsequent distortions 
introduced into the data are not untreatable under certain circumstances. 
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and will be discussed in a later section. It will suffice at present to 
state that using the averaged day and night radiance measurements mini­
mizes these distortions to the point that corrections are minor and need 
be considered only during the interpretation of analyses results. Addi­
tional details relating to orbital parameters and exact radiance-
temperature relations may be found in the Nimbus satellites' user's 
guides and Bamett et al. (1975). 
Daily satellite data used in this study are taken from channels B4 
and B23 of N5, and A of N4. These channels have weighting function 
maxima at the 50, 4 and 2 mb levels. N4 data encompass the period of 
August 1970 through August 1972, while N5 data extend from mid-December 
1972 through December 1974. The data come from Oxford University in the 
form of once-daily zonal Fourier coefficients of combined day and night 
radiance. The coefficients, for wavenumbers 0 to 6, are for the 
latitudes 80°S to 80°N at 4 degree intervals. Infrequent missing days 
of data are linearly interpolated over and no treatment is given the 
data prior to analysis. 
The SH geopotential height grids for 1973 through 1977 were pro­
duced by the Melbourne, Australia Bureau of Meteorology. The geo-
potentials were obtained from a computational scheme which was based 
on radiosonde data, when and where available, and satellite imagery. 
Meteorological satellites other than N5 were used (Hartmann, 1977). 
These two sources were used to generate hand drawn mean SLP and 1000-
500 mb geopotential thickness fields. A baroclinic model 
employed to extend the fields to upper levels with the aid of climate 
was then 
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data. The higher the data were extended, the poorer their quality became; 
this was especially true in regions with few radiosonde stations. While 
it was difficult to ascertain the true accuracy of the resulting geo-
potential fields, the planetary-scale features of the atmosphere were 
very likely represented faithfully. An accurate zonal representation 
was virtually assured at latitudes near those of the antarctic rim, 
because of the abundance of radiosonde stations located there. (This is 
most important to the current study, as the 4-day wave has its maximum 
amplitude at these latitudes.) The geopotential heights, given on a 
rectangular grid centered on the South Pole, were interpolated to a 
longitude-latitude grid prior to analysis. The new grid was 5 degrees 
square, covering the latitudes of 90° to 10°S. Heights were given for 
the 1000, 700, 500, 300, and 200 mb pressure levels. As in the case of 
the satellite data, very infrequent missing days of data were filled 
by interpolation. 
Radiosonde data collected at the Japanese antarctic station Syowa 
(69° 00' S latitude, 39° 35' E longitude) were also studied. These data's 
vertical extent was limited by the tendency of the radiosonde balloons 
to burst at altitudes below the 30 mb pressure level during the winter. 
Sets of 30 mb temperatures and 30-70 mb geopotential thicknesses were 
taken from the available 1973 data. Missing data days were filled by 
linear interpolation. Also examined were the 200 mb radiosonde winds 
at the United States station Amundson-Scott, located at the South Pole. 
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The data are grouped Into seasonal data sets based largely on the 
variance from the zonal mean of satellite radiances. This variance 
serves as a measure of wave activity. Consideration is also given to 
maintaining data set length, avoiding periods of sparse or questionable 
data, and providing for as much overlap between sets as is possible. 
The satellite data are divided into a SH winter (NH summer) set, 
comprised of June through September of 1971, 1973 and 1974. In 1972, 
May through August data are used. A NH winter (SH summer) data set is 
formed of mid-December through March 1972-1973, December through March 
of 1973-1974, and November through December of 1974 data. The NH 
winter data of 1970-1971 and 1971-1972, collected by N4, are unusable 
because of a high percentage of missing and bad data. 
The Australian geopotential data are grouped into 5 SH winters, 
made up of June through September of 1973 to 1977. This provides an 
overlap of two winters with the N5 satellite data. 
Syowa station data are grouped into a 60-day set as previously 
mentioned, running from 10 June to 8 August 1973. This set also over­
laps completely with the N5 satellite data. 
B. Analysis Techniques 
In the analysis of atmospheric observations, many methodologies 
are available to the researcher. While many techniques may lead to 
valid interpretations of the data, it is advantageous to use those 
which examine the features of specific interest. In this work, the 
data are analyzed with the intent of studying the temporal and spatial 
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characteristics of any normal mode oscillations that may be present. 
The techniques which are used to accomplish this, and their justifica­
tion, are described in this section. 
An essential feature of normal mode waves is their discrete zonal 
structure. In order to be stable, they must have an Integer number of 
wavelengths on a line of latitude. This suggests that a zonal space-
Fourier decomposition be performed on the raw data, as has been done to 
the N4 and N5 data by Oxford University. Another characteristic of 
normal modes is their propagation speed. Because this speed is set by 
the background conditions, the wave period can vary substantially 
within a data set. A time analysis of some sort is needed to isolate 
the normal modes from each other, forced waves that may be present, 
and noise. Because of the presence of other waves and substantial 
persistence (the tendency of the atmosphere to resist change), a time-
Fourier analysis with reasonable resolution in frequency is needed, 
A problem exists in that the data used are in the form of multiple 
sets with different lengths. This makes any kind of discrete time-
Fourier analysis difficult, as the frequencies analyzed depend directly 
on data set length. The frequencies analyzed using a lag-spectral 
method are independent of data set length, however. This method Is 
based on the correlations determined by the sums of products of data 
terms separated by time lags, calculated after the data set mean has 
been reduced to zero. For example, the correlation with a lag of zero 
is the sum of squares of the data, which is simply the variance. The 
lag correlations are calculated up to a specified maximum lag, which 
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is usually 10 to 30% of the data set length. It is the maximum lag 
which determines the frequencies to be analyzed. 
The lag correlations are Fourier analyzed with a window function 
in order to effectively taper them. The purpose of the window is two­
fold; first, to reduce side lobes in the spectrum; second, to increase 
the degrees of freedom (DOF) of the analysis. The DDF determine the 
criteria for testing the significance of spectral quantities. Increasing 
the DGF diminishes the signal-to-noise ratio needed to obtain statistical 
significance. However, this also has the effect of lowering the 
spectral resolution; a balance must be found that keeps the spectrum 
reasonably smooth. 
The above explanation is a simplified one and holds for a single 
element time series, such as single station radiosonde data. The 
double time series, in which the sine and cosine coefficients of the 
zonal space-Fourier analysis are both considered, complicates the 
analysis but provides greater potential for understanding wave features. 
It is necessary to compute both croas-correlation and autocorrelation 
coefficients. These coefficients are used to generate the cospectrum, 
quadrature spectrum, and power spectra of the two input series. The 
cospectrum is a measure of the wave power fluctuations that occur in 
phase between the two series, while the quadrature spectrum delineates 
variations that are 90° out of phase. These four quantities are used 
to determine the propagation characteristics of a wave at a given 
frequency. Another meaningful quantity that can be calculated is the 
self-coherence squared (SCS), which is a measure of the two input 
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series'Interdependence. A high degree of coherence indicates that the 
separation of wave power into eastward and westward components is valid. 
In this work several methods are used to determine the direction 
and frequency of wave power propagation, and are described briefly. 
Defining W^(t,(f)) to be the wavenumber k amplitude of a measured quantity 
(e.g. radiance) at time t and longitude <p, 
W^(t,<()) = C^(t)coskO + Sj^(t)8ink(|). 
Here 
Ck(t) 5 Z(\ (^coswt + B^^^sinwt) 
and 
SfcCt) 5 Z(a^^^coswt + wsinwt). 
where A, , B, , a, , and b, are the coefficients of the Fourier 
Tc,a)' kjO)' nkjW' k,w 
expansions of and Sj^(t). and are the coefficients of the 
zonal-Fourier analysis performed on Data sets which are too short 
in length for the lag-spectral method can be analyzed through the use 
of these coefficients. For example, in the examination of a month of 
daily data, the maximum lag could be 10 days. This would result in a 
spectral bandwidth of 0.133 days entirely too large to resolve most 
features. A discrete Fourier analysis can be used to find A, B, a, and 
b (dropping the subscripts), which provide a resolution of 'V'0.033 
days Defining the wavenumber k, frequency w eastward and westward 
wave amplitudes to be Rj_ and R_, respectively, Hayashi (1971) shows that 
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« -^[(A + b)^ + (+ B - a)^]« 
The lag-spectral method does not determine the expansion 
coefficients of and used in the case of short data sets. Instead, 
the power at frequency o) (denoted by the subscript w) is given by 
±^0. = i + W *' 2Sw(Ck.Sk)i' 
where is the eastward (+) or westward (-) povzer at wavenumber k, 
is the single element series power of the indicated coefficient, and 
is the quadrature estimate of and S^. The SCS is given by the 
relation 
ses* = 
where is the cospectrum estimate. 
It is also possible to determine the cross-coherence squared (CCS) 
and longitudinal phase difference (PD) between two double-element time 
series. This permits the study of wave vertical and horizontal 
structure through the comparison of data from two latitudes or pressure 
levels. As detailed by Hayashi, it can be shown that waves W' and W" 
(with zonal Fourier coefficients C, S' and C", S", respectively) at 
different latitudes and/or altitudes have a CCS given by the relation 
CCS+w 5 ,W")+ Q^^(W',W")]/[P+^(W')'P+^(W")], 
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where 
K±JW,W") = •i[KjC',C")+K^(S',S") ±Q^(C',S")+Q^(S',C")], 
Q±(^(W,W") E-i[±Q^(C',C") ±Q^(S',S") -KJC',S")+K^(S',C")], 
and the wavenumber subscripts have been deleted. The PD is given by 
PD+^ = tan"^[Q^^(W',W")/K^^(W',W")]. 
These expressions are especially useful in the detection of wave 
activity when statistically significant spectral power peaks are absent. 
The CCS provides a test for statistical significance. 
In this work, a maximum lag of 40 days is chosen as the optimum. 
This gives a spectral bandwidth of 0.033 days and maintains a well-
behaved spectrum. A Tukey window is used in all analyses of satellite 
and geopotential data. DDF are determined using the relationship for 
Tukey windows, given by Jenkins and Watts (1968), 
DGF = 2.667 L/M 
where L is the total series length and M is the maximum lag. The SCS 
and CCS significance levels calculated are based on those given by 
Amos and Koopmans (1963), with DDF divided by two to agree with their 
definition (Julian, 1975). 
Single station data are time-Fourier decomposed to obtain spectral 
powers that are one-sided, unable to distinguish between eastward and 
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westward propagation. 
Another feature of interest is the short period behavior of a 
wave. Short period, as used here, means times on the order of two 
weeks or less. During this time span significant changes can occur in 
the background features that may influence the wave, such as the mean 
zonal wind or temperature structure. This time interval is too short 
for any form of Fourier analysis using daily data, save the maximum 
entropy method. This technique is not used here because of the diffi­
culties in the interpretation of results. Instead, use will be made of 
the prior determination of the frequency band which is to be examined. 
This allows the economical use of a digital band-pass filter which is 
applied directly to the C^^t) and S^^t) time series. 
A computer program is used to calculate symmetric filter weights 
from hand-drawn response functions. This permits a filter with a 
minimum of terms and a smooth response function to be obtained. The 
power response of the filter used in this study is shown in Figure 5, 
and the weights are given in Table 2. The response is maximal at the 
frequency of 0.254 days corresponding to a period of 3.93 days. 
The half-power points are at frequencies of 0.212 and 0.295 days , 
giving periods of 4.7 and 3.4 days, respectively. It should be noted 
that the side lobe power response is always less than 0.1%. This is 
important to the avoidance of contamination from the high power levels 
which occur at low frequencies. The filter's shortcoming is its 
failure to differentiate between standing and traveling waves. This 
will be seen as a minor problem in the interpretation of NH data. 
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Figure 5. The power response of the band-pass filter employed in this 
study as a function of frequency. The weights of this 
filter are given in Table 2 
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Table 2. The weights of the symmetric band-pass filter 
Weight 
number 
Weight 
0 0.236717 
1 -0.007178 
2 -0.204757 
3 0.016022 
4 0.127849 
5 -0.013538 
6 -0.047388 
A final subject which requires elucidation is the effect of 
persistence on the power spectra. It is well-known that persistence 
can cause a great deal of low frequency noise, also known as red noise, 
in the power spectrum. This noise can hinder the determination of 
spectral power peak significance if its magnitude is unknown. Oilman 
et al. (1963) suggest that red noise can be estimated if the lag one 
and lag zero correlations are known. Defining p to be the ratio of 
lag one to lag zero, the red noise level at spectral component n is 
given by 
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where V is the total variance or sum of spectral powers and M is the 
maximum lag. The presence of strong signals at nonzero frequencies can 
cause this estimate to be quite poor, however. In fact, a signal at 
frequency f contributes cos2nf to p, in proportion to the ratio of 
signal power to V. This contribution is positive for f < 0.25 and 
negative when f > 0.25. It is possible to better determine the true 
value of p, p*, if the signal power can be estimated. According to 
Essenwanger (1977), 
pV - 2 P®cos2Trf 
P* = , (1) 
V - Z P® 
f ^ 
where is the signal power at frequency f. The spectral power 
significance can be determined by calculating the ratio of P® to the 
red noise at f. This ratio has the same distributions as the reduced 
chi-square statistic. 
This section has described the analytical techniques used in this 
study. Factors which influence the results of analyses and are 
independent of the methodology have not been considered. These factors 
are the subject of the next section. 
C. Inherent Distortions 
Ideally, the study of time-dependent planetary-scale waves requires 
that measurements be collected simultaneously on a regular global grid-
work. Any method of data gathering other than this Introduces significant 
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distortions in the observed wave characteristics of frequency, amplitude 
and phase. The ideal approach is a costly and technologically taxing 
endeavor; it is fortunate that the technique actually employed, utilizing 
the Nimbus satellites, can be shown to cause distortions that are cor­
rectable in most cases. These corrections have not appeared in the 
literature because few studies have used the combined day and night 
radiance measurements. It is the purpose of this section to examine the 
extent of the inherent distortions and derive the needed corrections. 
As previously described, the N4 and N5 satellites collect data 
along orbit tracks that range between 80°N and 80°S latitude. The 
satellites complete 'v 13 1/3 orbits each day, which causes successive 
orbits to be separated by 'V'Z?® of longitude. The positions of measure­
ments are irregularly spaced in conventional spherical coordinates. 
Several methods can be used in the analysis of the measurements. 
The first is to perform simultaneous space-time Fourier decompositions 
of the data along satellite tracks. Rodgers (1976) employed this 
method to confirm the stratospheric existence of the 5-day wave. He 
also made note of the Doppler shift in wave frequency and wavenumber 
modification caused by the westward longitudinal motion of the satellite. 
Corrections of both errors are difficult and computationally expensive. 
The second method, advanced by Hayashi (1980), involves the use of 
measurements grouped into day and night track sets. These are then 
interpolated onto a latitude-longitude global grid. The Doppler shift 
-1 is eliminated, and waves with frequencies as high as 1 day can be 
analyzed. The wavenumber distortion remains in the analysis, however. 
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causing sizeable errors in the wave amplitudes. Hayashi presents a 
technique whereby these distortions can be eliminated for a preselected 
frequency and propagation direction. Unfortunately, spectral estimates 
at other frequencies remain highly affected, making it difficult to 
generate an entire corrected spectrum. 
The third method, employed in this study, also divides the data 
into daily day and night track groups. Systematic diurnal effects are 
removed and the two data sets are interpolated to global grids. These 
two grids are averaged to obtain a final daily mean grid which is 
zonally Fourier analyzed. The zonal Fourier coefficients are provided 
by Oxford University with the above manipulations performed. The data 
can be analyzed for waves of frequencies up to 0.5 days without the 
presence of Doppler shifting. However, this method also fails to 
remove the wavenumber distortion. The effects of this can be eliminated 
at all frequencies simultaneously. Consider a propagating equatorial 
wave with radiance W(t,<j)) given by 
W(t,4)) = A cos(k(j)-a)t-ô) (2) 
where 6 is an arbitrary phase angle. Recall that when w > 0 the prop­
agation is eastward. A satellite moving westward in sun-synchronous 
fashion takes measurements at longitudes (j) which can be expressed as a 
function of time 
4(C) =• 2ïï - t 
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where = 1 day. Solving this for time as a function of latitude and 
substituting the result into Equation 2 gives 
W(<j)) = A cos(k^ + (|)T^ - wT^ - 5) (3) 
as the wave obseirved by the satellite. Defining a modified wavenumber 
j to be given by the relation 
j  E k + ^ = k + f ,  
Equation 3 becomes 
W(<j)) = A cos(j(j) - - 6). (4) 
For westward (eastward) moving waves j < k (j > k) and the wavelength 
measured by the satellite is longer (shorter) than its real value. 
The day and night track measurements can be described in a similar 
fashion. Since the Nimbus satellites have sun-synchronus, night 
descending orbits, the night track equator crossings start at 'v^OOOOZ 
and longitude. Because the data are grouped into 24 hour blocks 
beginning at OOOOZ, the night track data measures the propagating 
waves with a discontinuity at '^0° longitude. The day track equator 
crossing at OOOOZ is located near 180°E longitude, causing propagating 
waves to show a discontinuity there. Therefore, the night track 
radiance W^(^) can be written, using Equation 4, as 
Wjj((j>) = A cos(j4) - wT^ - Ô) for 0 £ <|> < 27r, 
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while the day track radiance Wjj(<j)) is given by 
Wjj((j>) = A cos(j# - Y - 6) for 0 £ (() < U 
= A cosCjtj) - Y - 5) for ir ^  < 2ir. 
A Fourier expansion of the night track radiance yields sine and cosine 
coefficients at zonal wavenumber m, which are given by the expressions 
CmN ~ ÏÏ 2^ 2 tcos(2A+ô)sin(27rj)+sin(2A+6)(l-cos(27rj))] and 
j -m 
^mN ~ ^  2™ 2 tsin(2A+ô)sin(2TTj)-cos(2A+6) (l-cos(2lTj))], 
j -m 
where A = oiT /2. 
o 
The night track wave power at wavenumber m and frequency w is 
calculated by averaging the squares of and S^. This expression 
can be simplified by the elimination of the phase angles ô and A. 
Because the wave propagates, daily values of 6 will vary. This means 
that all time-averaged wave quantities, such as spectral power obtained 
through the lag-spectral method, will also represent an average over all 
possible 6, Performing this average by letting 6 vary between 0 and 2ir 
yields 
ir (j -m ) 
2 
A dimensionless ratio of P^ to A /2 can be calculated which represents 
the fraction of true wavenumber k power observed in wavenumber m. This 
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ratio is termed the fractional power FP and is given by 
2 2 
FP 5 I sin^TTj. (5) 
TT^ (j ) 
When m = k, FP is a direct estimate of the distortion inherent in the 
data collection; when m ^  k, FP represents power leakage. Figure 6 
displays the distortion and leakage of wavenumber 1 power, as a function 
of frequency, for m = 1 through 5 as determined by Equation 5. At fre­
quencies less than 0.25, where most spectral power is typically found, 
the distortion is minor and the leakage is less than 10%. 
Because the expression for day track radiances yields the same 
results for FP, it can be seen that both sets of tracks have large 
amounts of power leakage between adjacent wavenumbers at high frequencies. 
This leakage is eliminated by combining the day and night tracks. 
Omitting the m subscripts for clarity, the combined track power P^ is 
given by 
It can be shown that 
S = s  
and Sg = (-1)°^^ S^, 
so that Pç = Pjj if m + k is even and P^ = 0 if m + k is odd. Hence 
leakage between even and odd wavenumbers is theoretically prohibited. 
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6. The fractional power FP as a function of frequency, determined 
by Equation 5 in the text (lines) and calculated from 
simulated data (points). The true disturbance wavenumber k = 
1, while the wavenumbers m analyzed for are 1-5. In the case 
of combined day and night track data the m = 2 and m = 4 
lines are set to zero; the points plotted are for such a case. 
The bracket in the upper left comer indicates the 80% confi­
dence limits of the points. Negative frequencies indicate 
westward motions 
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A numerical study has been undertaken to confirm the correctness 
of the expression for FP. The study Involves a simulation of the Nimbus 
satellite measurement schedule and the data manipulations performed by 
Oxford University. A propagating wavenumber 1 radiance disturbance 
with an amplitude of 6.25 RU and frequency f is situated at the equator 
and 72®S latitude in the simulation. Mock data are generated at longi­
tudes and times dictated by the Nimbus orbital parameters for both 
latitudes. Day and night data, grouped into daily sets beginning at 
OOOOZ, are linearly interpolated onto equally spaced points on the 
latitude circles. The day and night data are merged to form the 
combined data set, and all three sets are then Fourier analyzed. The 
resulting and S^, similar in magnitude to actual observed values, 
are time-analyzed using the lag-spectral method. Since the true wave 
ançlitude and the effects of the spectral window function are known, it 
is possible to compute the FP for various test cases. These are 
depicted in Figure 6 so that they might be compared to the derived 
expression of FP. The correspondence between derived and simulated FP 
is very good when m = k = 1, but the simulated leakages are not as close 
to their predicted values. This can possibly be attributed to several 
compounding factors: errors introduced during interpolation, asymmetry 
in longitude and time of 72*S latitude crossings, leakage between east­
ward and westward modes, and data truncation during preprocessing. The 
interpolation error is the main cause of the disparity in the m = k = 1 
case. 
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The theoretical results of this section have direct application to 
all power spectra calculated from N4 or N5 day and night track mean 
radiance grids. Power lost in the data processing routines can be 
restored using Equation 5 with m set equal to k; when m f k, it is seen 
that leaked power is minimal in most cases. Through the use of a 
numerical simulation, it is evident that these corrections are not exact. 
However, when no power peaks at the frequency being inspected occur in 
adjacent wavenumber spectra, the corrections can be applied with con­
fidence. In this study, the corrections will not be applied to the 
depicted results because no ^  priori assumption can be justified con­
cerning the power levels of adjacent wavenumbers. However, all reported 
transient wave amplitudes determined in this study incorporate the cor­
rections derived in this section. 
It is worth noting that the orbital characteristics of the Nimbus 
satellites do not cause the appearance of spurious spectral power peaks. 
The resolution of this fact was the original impetus of this section, 
which expanded to provide a verification of the usefulness of Nimbus 
data in the study of transient waves. 
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III. RESULTS 
A. General Observations 
In this section the results of extensive spectral analyses per­
formed on the Nimbus satellites' measurements are presented, giving an 
overview of the global planetary wave activity that occurs in the 
earth's stratosphere. In the course of this presentation, the sensi­
tivity of the Nimbus SCR is demonstrated through its ability to detect 
several previously documented wave modes. An observational context is 
also established in which the 4-day wave, to be described in the next 
section, can be more fully understood. The information presented, 
largely in graphical form, consists of three types. The first is the 
raw power spectrum, providing a measure of wave amplitudes partitioned 
according to the wavenumber, frequency, and direction of propagation. 
The raw spectrum is useful in establishing the presence and influence 
of the dominant forced wave modes. Because the separation of total 
wave power into eastward and westward portions is not always valid, the 
second type of information is the SCS spectrum. As stated previously, 
this quantity provides a measure of the soundness of the techniques 
used, as well as enhanced ability to detect wave structures vAxose 
amplitudes may not be readily apparent in the raw power spectra. An SCS 
of 0.5 indicates that only about 30% of the wave power is due to noise. 
Lastly, the latitudinal and vertical structure of wave disturbances are 
examined through the results of CCS and PD studies. These are presented 
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sparingly, when the nature of a wave mode can be clarified through their 
use. It is recalled that the CCS provides information about the spatial 
extent of a wave mode, while the PD indicates its phase structure. 
Analyses are performed on radiances measured by the N4 SCR (channel 
A) between 48°S and 80°S latitudes during the June-September 1971 and 
May-August 1972. These data are combined with June-September 1973 and 
1974 N5 SCR (channel B23) radiances at identical latitudes. This gives 
488 days of data, 'V' 14 of which are filled by interpolations analyzed 
with a maximum lag of 40 days. The resulting DOF of 31.6 yields an 
a posteriori SCS 95% significance level of 0.320. Figures 8, 10, 11, 
and 12 display the calculated raw power and SCS as a function of 
latitude and frequency for wavenumbers 1 through 4. Because the SCS 
statistic is not applicable to wavenumber zero data, only the raw power 
is presented in Figure 7. Analyses of wavenumbers 5 and 6 are not pre­
sented because coherent waves were undetected. This is largely due to 
the longitudinal gaps in the satellite measurements, which severely 
limit the zonal resolution. The other wavenumbers are sufficiently 
resolved, however, and each is considered in its turn. 
Wavenumber 0 (Figure 7) is characterized by a very high level of 
persistence. Values of the red noise coefficient p, calculated at each 
latitude, range between 0.975 and 0.988. This is likely caused by the 
slow, trendlike variations that occur within the data blocks due to 
seasonal changes. Little beyond the red noise is discernible; the 7.5 
day oscillation of Ebel et al. (1978) is absent. This may be due in 
part to the wave's very small amplitude. The total zonal variance is 
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Figure 7. Channel A and B23 wavenumber 0 power as a function of period 
and latitude during the Southern Hemisphere winter. The 
power is given in radiance units (RU's) squared day. One RU 
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seen to increase with poleward latitude, as expected in light of the • 
greater amplitude of seasonal changes that occur there (Figure 2b). 
Figure 8 displays the wavenumber 1 results, which indicate a great 
deal more wave activity. An eastward moving wave with an amplitude of 
'^5 RU, or ^5 K, is located near 56°S latitude and has a period of 20 
to 40 days. The westward power is also high in this area at the same 
periods and, because the SCS is low (0.3 or less), it is doubtful that 
the wave propagation powers are adequately determined. This feature 
resembles the 30-60 day period quasi-stationary wave observed by Sato 
(1977) in University of Berlin data from the 30 mb level at 60°N 
latitude. The other maxima in eastward propagating power occur in the 
vicinity of 72°S latitude and are highly coherent. The SCS at the 
minor power peak with period ^6.1 days is approximately 0.7; the 
stronger peak at ^3.6 days has an SCS of '^0.85. This combination of 
high SCS and wave power concentration in the eastward traveling power 
indicates that the wave is an eastward moving mode. These two power 
peaks collectively form the 4-day wave of Venne and Stanford (1979), 
and are described in greater detail in the next section. At this point 
it should be observed that the 4-day wave is isolated in both latitude 
and frequency from the larger-amplitude forced waves. The 5-day wave 
of Madden (1978) is not detectable in the power spectra, due to the low 
amplitude of the wave. It can be found through the use of the cross-
coherence, however. Rodgers (1976) found that the wave is westward 
moving with amplitude maxima at 40*N and S latitude in the middle 
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Figure 8. Channel A and B23 wavenumber 1 eastward power (a), westward 
power (b), and self-coherence squared (c) as functions of 
period and latitude during the Southern Hemisphere winter. 
The power units are as in Figure 7. The contours in (c) 
enclose areas having self-coherence squared values greater 
than 0.5 (plain) and 0.75 (stippled) 
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stratosphere. Figure 9 is a plot of the CCS spectrum between 60°S and 
60°N latitudes. Only the aforementioned N5 data from 1973 and 1974 are 
used, yielding 15.8 DOF and a 95% a posteriori significance level of 
0.562. The CCS at the 5.7 day westward wave period exceeds this signifi­
cance level, and the PD is also found to be a modest 54°. Other CCS 
analyses performed between data at other latitudes give similar results, 
justifying the conclusion that the 5-day wave is discernible in the 
Nimbus data using the analytical techniques applied throughout this 
paper. 
The wavenumber 2 spectra (Figure 10) are dominated by an ^2K 
eastward traveling wave with a period of 11 to 16 days. This wave is 
maximal at ~ 54''S latitude and attains SCS values of 0.9. The SCS and 
power spectra also indicate that a coherent wave structure exists with 
an eastward period of ^6 days at middle latitudes. Both of these 
features are observed by Hartmann (1976), who uses data which origi­
nate from the SCR and two other instruments of the N5. Both waves 
tilt sharply to the west with height, as determined by a CCS study of 
the channel B23 and B4 radiances from the 4 and 50 mb levels, respec­
tively. This is indicative of the vertical transport of energy, and 
these waves likely represent forced Rossby modes. The apparent power 
maximum at high latitudes and eastward period of 3.6 days resembles the 
wavenumber 1 4-day wave. Referring to the corresponding SCS values 
C^O.l), it is seen that this power is highly Incoherent. This implies 
that the power does not have a real basis in the wavenumber 2 radiances. 
It is likely that it is actually a leakage of power from the 4-day wave; 
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Figure 9. The cross—coherence squared between 60°N and 60°S latitude data versus frequency for 
westward moving (solid line) and eastward moving (dashed line) waves. The 95% and 99% 
^ posteriori significance levels are indicated by the heavy and thin horizontal lines, 
respectively 
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Figure 10. As in Figure 8, but for wavenumber 2 
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its relative magnitude is roughly what is expected, based on the results 
of the numerical simulation of power leakage in the previous section. 
Leakage does not seem to be responsible for the wave power near the 
westward period of 2.3 days. SCS values there are reasonably high 
('V'0.5) and there is little power at adjacent wavenumbers that might 
account for it, suggesting that it is a physical reality. The wave 
resembles a free mode oscillation of the gravest latitudinal structure, 
in that its motion is rapidly westward an<J its maximum occurs near mid-
latitudes. In fact, if the Doppler shift of the mean zonal wind (to be 
discussed in a later section) is taken into account, the westward period 
falls to only '^'1.4 days. It is not surprising that this feature 
resembles a free normal mode calculated by LH. He determines that the 
gravest westward mode with wavenumber 2 and an equivalent depth of 10 km 
would have a period of 1.5 days. His wave has a single geopotential 
maximum at 30° latitude, however, and is antisymmetric about the equator. 
Coherence studies indicate that the wave's extension into the summer 
hemisphere is absent; the CCS between data at 60°N and 60°S latitudes 
fails to exceed the 95% a. priori significance level at westward periods 
near 2.3 days. A similar analysis between data at 60°S and 20°S shows 
coherences significant at the 99% ^  priori level and a 67° westward PD 
in the direction of the equator. At 60°S latitude, a PD of ^20° is found 
between channel B23 and B4 data. This suggests a long vertical wave­
length, typical of normal modes. While Kasahara (1980) demonstrated 
that the gravest normal modes are relatively unaffected by the zonal 
winds, it is quite possible that the substantially stronger stratospheric 
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winds could have a major influence. This is because the maximum upper 
stratospheric winds are ^80 m s ^ and antisymmetric about the equator 
(Figure 2b), while the tropospheric winds used by Kasahara have a maximum 
of 20 m s ^ and are largely symmetric. It is therefore possible that the 
2 
2.3 day wave represents the 0^ Hough mode, distorted by the zonal winds; 
further verification must await data with better time resolution. 
Wavenumber 3 (Figure 11) is made up of several minor power peaks, 
the most notable of which is the 6 day period eastward moving wave 
also seen in wavenumber 2. The SCS values for this structure are ^0.7, 
again indicating that the eastward and westward powers are reasonably 
resolved. 
The decline in wave activity, observed in wavenumber 3 data, con­
tinues in wavenumber 4 (Figure 12). The only SCS that equals or exceeds 
0.5 occurs at about 5.7 days period eastward propagation, and the most 
justifiable statement which can be made is that the wavenumber 4 power 
is roughly two thirds eastward moving at periods of over 5 days. 
Figures 13-16 display the results of analyses of NH winter data. 
As noted earlier, only N5 data is used in the NH. This is because of 
the high frequency of missing and irregular data near 60°N latitude, 
due in part to Interruptions caused by the satellite-to-ground trans­
missions of data. N5 data from December 1972 through March 1973, 
December 1973 through March 1974, and November through December 1974 
are used. This gives 291 days of data, ^8 of which are derived from 
interpolations. There are 18.9 DGF with a maximum lag of 40 days, 
making the 95% a posteriori SCS significance level equal to 0.491. 
51 
CO 
0J03 0.07— 
20 0.05 0.01 
007— 
\C:~0.07-
Q03 005 
0.01 
0.01 
0.01 
0.01 
0.01 ).0I O 0.01 
-0.01 
64° 48° 80° 
LATITUDE(S) 
64° 
64' 48 80' 
Q: 
80' 48 
20 
Figure 11. As in Figure 8, but for wavenumber 3 
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Analyses are performed on data taken between 48°N and 80°N latitude in 
the same manner as in the SH case. Wavenumber 0 data are unavailable, 
and results for wavenumbers 5 and 6 are not presented because they are 
devoid of features. 
Wavenumber 1 power spectra (Figure 13) show indications of a west­
ward power excess at all latitudes and periods greater than 6 days. The 
abundant red noise makes a detailed interpretation difficult, but this 
may be a manifestation of the waves seen by Hirota et al. (1973), Sato 
(1977), and Deland (1964, 1972). The corresponding SCS values are quite 
low, again due to the high noise levels at low frequencies. The 4-day 
wave is in evidence near 72°N latitude, having an eastward motion with 
a period of ^4.4 days. SCS values are once again high for this mode, 
averaging ^0.6, while the actual power levels are one quarter those of 
the SH wave. The NH structure of the 4-day wave is elaborated on in 
the next section. 
Westward power also seems to dominate in the wavenumber 2 data 
(Figure 14) with a period of 7 to 11 days at midlatitudes. A curiosity 
is the SCS peak at ^3.6 day period and ôO'N latitude, with values 
reaching 0.7. The raw, uncontoured power spectra reveal this to be an 
eastward moving wave with a power level roughly one-fourth that of the 
NH 4-day wave. Speculation on the nature of this mode must await 
further studies. 
Wavenumber 3 results, shown in Figure 15, return to the realm of 
low frequency eastward moving waves with a midlatitude periods of 20 to 
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Figure 15. As in Figure 13, but for wavenumber 3 
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26 days. The SCS at these periods range between 0.4 and 0.6. A second 
eastward wave is seen at slightly higher latitudes and has a period of 
^3.4 days. 
Wavenumber 4 results, displayed in Figure 16, show only one feature. 
It is likely an extension of the low-frequency eastward moving wave seen 
in wavenumber 3 data. 
This section has examined the general features found in the winter 
stratosphere through the analysis of Nimbus satellite SCR measurements. 
The stratosphere has been shown to be populated by a variety of forced 
planetary modes with generally long periods. Several normal mode oscil­
lations have been noted; these are the 5, 4 and (tentatively) the 2.3 
day modes. In the next section the structure and propagation of the 
4-day wave is studied in greater detail, providing evidence of its 
statistical significance and normal mode nature. 
B. The 4-Day Wave 
During the overview of wave activity given in the previous section, 
it was noted that a high-latitude wavenumber 1 structure, the 4-day wave, 
resided in the winter hemisphere of the stratosphere. In this section, 
the characteristics of this wave are closely examined. The analytical 
evidence presented is considered with several questions in mind. Is 
the wave a normal or forced mode? The answer can be inferred from the 
extent to which it transports energy. What features of the atmosphere 
influence the propagation and amplitude of the 4-day wave? A likely 
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Figure 16. As in Figure 13, but for wavenumber 4 
59 
strong Influence is exerted by the zonal wind; the wave's response to 
seasonal variations in this wind are examined on a climatological basis 
in this section. Does the wave exist with reasonable statistical 
significance in data sources other than the Nimbus satellites? This 
confirmation of the wave's existence would greatly enhance the confi­
dence with which it is observed. The description of the 4-day wave will 
center around these three aspects. 
Before these questions can be answered it is necessary to first 
verify statistically the 4-day wave's presence in the Nimbus data. 
Figure 17 is a plot of the raw power spectra for the 72°S and 72°N 
latitude wavenumber 1 winter data described previously. These data come 
from the radiance channels centered near the 3 mb level of the strato­
sphere. The 72® latitudes are used because the 4-day wave amplitudes 
are maximal there, as seen in Figures 8 and 13. The 4-day wave is 
plainly visible in the SH spectrum as a broad peak with an eastward 
period of 5.3 to 3 days; in the NH, the peak is somewhat less pronounced 
and falls between 5.3 and 3.5 days period. Through the calculation of 
the red noise coefficient p, it is possible to obtain an estimate of the 
significance level of each power peak. Because of the large amount of 
4-day wave power evident in the SH spectrum, the parameter p* is calcu­
lated from Equation 1 and used in place of p. The NH p is found to be 
0.83, while the SH p* is 0.75. Figure 18 displays the red noise calcu­
lated for these values, where the eastward and westward propagating 
powers at each latitude have been summed to produce the total power. 
The 95% a posteriori significance level is indicated for each latitude. 
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Figure 17. Power spectra of 72®N and 72°S latitude Nimbus wavenumber 1 
radiances. The 72°S latitude data span the four Southern 
Hemisphere winters 1971-1974; 72°N data are from the winters 
of 1972-1973, 1973-1974, and late 1974. All data are from 
the ^3 mb level. The 80% confidence intervals and band­
width are indicated; the wider interval applies to the 72°N 
data. The power is in units of [(32)~1ru]^ day 
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Figure 18. The total wavenumber 1 power spectrum at 72°S (a) and 72®N 
(b) latitudes, with the estimated red noise and 95% ^  
posteriori significance levels indicated by the dashed and 
dotted lines, respectively. In order to estimate the 72°S 
red noise parameter, the stippled area in (a) is taken to be 
signal power and is set to zero. Power units are as in 
Figure 17 
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For both cases the 95% a posteriori and 99.67% a priori confidence levels 
are equivalent. (The significance levels are taken from the chi-square 
tables of Bevington (1969), with DOF values doubled because of the 
combining of wave powers.) Both the NH and SH 4-day waves easily satisfy 
the a posteriori significance test; the SH peak is far in excess of the 
95% level. These results establish the statistical reality of the 4-day 
waveJ it now remains to determine its physical characteristics. 
The dependence of total wave power (the sum of eastward and westward 
powers) at various periods upon latitude is depicted in Figure 19a and 
19b, for SH and NH data, respectively. In this Figure, the 3.6 days 
period power has been plotted for the SH 4-day wave; the 4.4 days period 
power is plotted for the NH wave. The longer period (> 10 days) waves 
in both cases have maxima between 48° and 64® latitude, which is the 
vicinity of the polar winter stratospheric jet stream. The 4-day waves, 
on the other hand, are peaked near 72° latitude and weaken rapidly in the 
equatorward direction. At its peak, the 4-day wave has an amplitude of 
1.1 ± 0.2 K in the SH and 0.4 ± 0.1 K in the NH, where 1 RU has been 
equated with 1 K. These values can be compared to the standing wave 
amplitudes which are obtained from the time averages of the radiance 
Fourier coefficients. The NH standing wave is found to have an average 
maximum amplitude of ^5.7 K, while the SH maximum is ^3.8 K. These 
averages may be lower than previously reported monthly values because of 
the longer data sets used in this study. 
A second insight into the horizontal structure can be gained from 
the latitudinal variation of wave longitudinal phase. Using cross-
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Figure 19. The wavenumber 1 latitudinal power structure at selected 
periods in the Southern Hemisphere (a) and Northern Hemisphere 
(b). The total power is plotted. SW refers to the time 
averaged, or zero frequency, radiance power that represents 
a standing wave. Periods of 3.8 and 4.4 days are used to 
represent the 4-day wave, as they are the times with maximum 
power in their respective hemispheres. The SW power is in 
units of [(32)~1rU]2; for other periods, the power units are 
as in Figure 17 
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coherence analysis, it is possible to ascertain whether the wave crests 
are aligned along a meridian or are at a significant angle. As stated 
in the introduction, the former is indicative of normal modes, while the 
latter implies momentum transfer and forced modes. Figure 20, from 
Venne and Stanford (1979), shows the results of analyses for the 4-day 
and standing waves in N5 data. The 72° latitude line in each hemisphere 
is chosen as the reference line from which all phase differences are 
estimated. The PD's at 3.8 and 4.4 days period, representing the periods 
with maximum power, are used in the SH and NH cases, respectively. The 
standing waves are seen to be sharply angled to the meridian, as is 
expected; in both cases, poleward transport of momentum is indicated. 
The 4-day wave tilt is reversed and much weaker in the SH, while it is 
somewhat weaker in the NH. It is possible that the presence of a stand­
ing wave component in the NH 4-day wave, as seen in Figure 17 by a power 
peak in the westward power near 4.4 days period, has affected the PD's. 
It can be inferred, on the basis of the relatively small phase tilting 
and weak amplitudes, that little momentum transport occurs in the SH. 
Further studies are required if the NH 4-day is to be better understood; 
most puzzling is the fact that the NH wave tilts in the same fashion as 
the SH wave. 
In Figure 20, PD's have been plotted only when the CCS significance 
exceeds the 95% ^  priori level. Beyond 40® latitude this level is never 
attained; cross-coherences calculated between latitudes in separate 
hemispheres also fail to find high significances at 4-day wave frequencies. 
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Figure 20. The phase difference from 72° latitude for the 4-day wave 
(triangles) and the wavenumber 1 time-average standing wave 
(circles). A negative phase difference indicates that the 
wave crest at that latitude is westward of the crest at 72°. 
The 4-day wave is plotted only at latitudes having significant 
coherences with the 72° data. This latitude has been selected 
as the reference because 4-day wave amplitudes are maximal 
there 
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It must be concluded that, on the basis of present data, the 4-day wave 
is confined to the middle and higher latitudes of the winter hemisphere. 
Hence, the wave is not global in nature. 
The lack of transport suggested by the horizontal phase variations 
is also implied by the vertical phase structure. In this study the PD 
between two N5 channels is used to determine the amount of vertical 
phase tilt. The channels are B23 and B4, representing measurements near 
the 4 and 50 mb levels, respectively. N5 data from the previously 
defined winter seasons of 1973 and 1974 are used. Figure 21 displays 
the PD between these two channels for the time average standing wave and 
the 4-day wave at 72® in both hemispheres. The SH wave period used is 
3.8 days; the NH period used is 4.4 days. In both hemispheres the large 
amplitude standing waves lean westward with height, indicative of upward 
energy transport. This tilting has been observed by Hirota (1968) and 
Hartmann (1977) for NH and SH data, respectively. The upward flow of 
energy is to be expected in light of the fact that the troposphere is 
thought to provide the bulk of the energy that drives the stratospheric 
eddies. 
In contrast to the standing waves, the 4-day waves have virtually 
no phase tilt with height; both NH and SH wave tilts are well within the 
analyses' uncertainty of zero tilt. In fact, all eastward waves between 
3 and 5 days period in the SH show the same lack of structure. Recalling 
that the broad satellite weighting functions are insensitive to waves 
with vertical wave lengths of 10-20 km, it can be inferred that the 4-
day wavelength is not 'V' 16 km (the separation between the 4 and 50 mb 
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Figure 21. The 4-day wave vertical phase structure, depicted by the phase difference PD between 
the 200 mb geopotentials and Nimbus 5 channels B23 and B4 data. The 4-day wave is 
indicated by the triangles; the wavenumber 1 time-average standing wave is denoted by 
the circles. A negative PD at a given level indicates that the wave crest there is 
westward of the crest at 50 mb 
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levels). This inference, along with the observed lack of vertical phase 
structure, suggests that the 4-day wave has a very long vertical wave­
length in the stratosphere. 
It is also of interest to determine the 4-day wave amplitude at the 
50 mb level. The 4-day wave is found to be much weaker, with a maximum 
amplitude of 0.16 k in the SH. In the NH, the westward and eastward 
moving powers with 4-day period are small and roughly equal; it is not 
possible to identify the 4-day wave. Assuming that the wave energy 
density remains constant with height, a change of 16 km (^2.1 scale 
heights) should result in an amplification of wave amplitudes by a 
factor of ^2.9. The actual ratio of upper to lower channel 4-day wave 
amplitude is ^6.9 in the SH. This suggests that the 4-day wave is not 
forced from the troposphere. 
Having now determined the structure of the 4-day wave in the 
stratosphere, its propagation variations will be examined. To do this, 
the SH upper channel data were analyzed on a monthly basis for the 
winters of 1970-1974, with the simpler, standard Fourier decomposition 
into eastward and westward modes. The monthly spectra, averaged over 
the above years, are presented in Figure 22. The stippled section of 
the spectra indicates the frequencies at which power is observed having 
latitudinal structure resembling that of the 4-day wave. It can be 
seen that the 4-day wave amplifies its power and decreases its period 
between May and August. This is followed by a sharp decline in 
September; by October, the wave has all but disappeared, after returning 
to longer periods of oscillation. The life-cycle of the wave resembles 
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Figure 22. Monthly average wavenumber 1 power spectra at 72®S latitude 
and the 3 mb level. The months averaged come from the 
winters of 1970 to 1974. The stippled areas denote fre­
quencies at which the latitudinal power structure is 
predominantly that of the 4-day wave 
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that of the SH polar night jet, which intensifies through the winter 
(Hartmann, 1976 and Belmont et al., 1974). The jet rapidly weakens, 
breaking down completely between mid-September and early November 
(Belmont et al., 1975b). If a Doppler shifting of observed wave fre­
quencies is present, the increase of eastward wind magnitude in winter 
should shorten the 4-day wave period. That an effect similar to this is 
observed suggests that the theoretical explanation of the next section 
must incorporate the zonal wind in some fashion. The monthly wave 
powers also pose the question of why the 4-day wave amplitude is so 
sharply confined in time to the winter months of July, August and 
September in the SH. As mentioned in the introduction, many of the 
normal modes can be observed throughout the year. 
It remains now to confirm the existence of the 4-day wave in other 
data sources. This can be accomplished through either direct observa­
tion of the wave in the new data set, or by finding significant correla­
tions between the satellite data and the new data at wavenumber 1 east­
ward periods of 4 days. 
Antarctic station radiosonde measurements constitute the first 
independent data source considered. SH station data are used because 
the 4-day wave is more clearly defined there. As previously outlined, 
these consist of 30 mb temperatures and 30-70 mb geopotential thick­
nesses taken at the Syowa antarctic station. This station is chosen 
because it is located near the latitude of maximum 4-day wave amplitude. 
Because the data are of the single station type, it is only possible to 
calculate the total power spectrum; the determination of propagation 
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direction or dominant wavenuraber can not be made. In addition to this 
lack of resolution are the noisiness and infrequency of the data; of the 
60 days used, 13 are filled by interpolation. Compounding this with the 
small 4-day wave amplitude at these pressure levels, it comes as no 
surprise that the 4-day wave is not seen in the power spectrum of either 
temperatures or thicknesses. In order to discern the wave in single 
station radiosonde data, a longer data set with higher altitude measure­
ments would probably be needed. 
A second attempt at verification of the 4-day wave has been con­
templated using radiosonde wind measurements collected at the South Pole 
station Amundsen-Scott. Both wind magnitude and direction at selected 
pressure levels can be directly correlated with wavenumber 1 satellite 
radiances. This is possible by virtue of the fact that real winds in 
the vicinity of a pole can be described almost entirely by a combination 
of wavenumber 1 zonal and meridional wind components. At the pole it­
self, only a wavenumber 1 meridional wind can exist; the magnitude and 
direction of this wind can be thought of as analogous to zonal Fourier 
coefficients (Hayashi, 1979). If a portion of this wind is due to the 
4-day wave, it should give rise to significant correlations with 
satellite data near the pole. A rough estimate of the winds at the pole, 
using the observed temperature amplitudes and the geostrophic approxima­
tion, suggests that the portion due to the 4-day wave has a magnitude of 
'V0.1 m s ^ at 50 mb. It is unfortunate that, using the presently 
accumulated data, it is not possible to detect such a wind. In addition 
to the same limitations found in the case of the Syowa station data, the 
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low magnitude of upper tropospheric and lower stratospheric winds 
combined with substantial round-off error render the measurements un­
usable in the context of this study. Should better data exist, this 
method would be a possible approach towards the identification of high 
latitude wave disturbances. 
SH data of better quality exist in the form of geopotential grids. 
This data set is derived from meteorological satellites and radiosonde 
data as previously described, giving it a broader observational base 
and lower noise levels than the single station data. As a first step, 
five years of winter 200 and 500 mb geopotential data (June-September 
1973 to 1977) are analyzed for spectral powers and SCS values. The 
analysis methodology is the same as that used in the analysis of Nimbus 
data. The 605 days of data at 75®S latitude gives 40.3 DGF and a 95% 
a priori SCS significance level of 0.145. The 1000 mb wavenumber 1 
geopotential is analyzed over the winters of 1973 and 1974 only, giving 
242 data days, 16.1 DDF and a 0.346 95% a priori SCS significance level. 
No power maxima in either the 200 or 1000 mb geopotentials are found near 
a period of 4 days; significant SCS values are seen in the 500 and 1000 
mb cases, however, shown in Figure 23. Using the calculated coherences, 
cospectrum, and quadrature spectrum, the amounts of traveling, standing, 
and noise power can be estimated (Pratt, 1976). It is found that the 
power at 4.3 days period, corresponding to the SCS significance, is 
largely noise with a small eastward component. From this it can be 
inferred that an eastward feature is present, although it is probably 
not the 4-day wave because of its longer period (4.3 versus 3.6 to 3.8 
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Figure 23. The self-coherence squared spectra of the 75°S latitude wavenumber 1 geopotentials at 
500 mb (dashed line) and 1000 mb (solid line). The 95% ^  priori significance levels of 
the 500 and 1000 mb analyses are denoted by the thin and thick horizontal lines, 
respectively. The arrow indicates the frequency of the 4-day wave observed in the 
stratosphere 
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days). This feature is more likely the same as that observed by 
Kolesnikova and Monin (1965) in surface pressures, who interpreted it as 
the regular passage of high latitude synoptic scale systems. 
The second approach to the use of the geopotential data is to cal­
culate cross-coherences between them and the satellite data. This method 
can be especially fruitful in that it can both establish the presence and 
determine the structure of a wave mode. In this comparison, both 
channels B23 and B4 N5 data from the winters of 1973 and 1974 are cor­
related with the 200, 500 and 1000 mb geopotentials. A correlation is 
also performed with the 200-500 mb geopotential thickness. Each analysis 
encompasses 240 data days and uses a maximum lag of 40 days. It is 
found that CCS values between channel B23 and each geopotential level 
and thickness fails to exceed the 75% significance level, at or near 
75°S latitude, for eastward periods of ^4 days. However, studies made 
with lower stratospheric data fare better. The PD and CCS values between 
channel B4 data at 72°S and the 200 mb geopotential data at 70°S are pre­
sented in Figure 24. A significance of 95% is found at eastward periods 
near 3.7 days, in close agreement with the power maxima periods in the 
radiance data. On an ^  priori basis this defines the presence of the 
4-day wave in the 200 mb geopotentials. Figure 25 displays the PD and 
CCS values between the channel B23 and 200-500 mb thickness data at 76°S 
and 75®S latitudes, respectively. A 93% significance is seen at 4-day 
wave periods. 
As seen in Figure 24, the phase differences indicate that the 4-day 
wave has a westward tilt with height of roughly 21° between 50 and 200 mb; 
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Figure 24. The phase differences (PD's) and the cross-coherence 
squared (CCS) spectrum between the wavenumber 1 channel B4 
radiances at 72®S and the 200 mb geopotentials at 70°S. Only 
the CCS values for eastward motions are plotted; the CCS 95% 
3. priori significance level is indicated by the horizontal 
line. PD's are given In terms of radians 
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Figure 25. As in Figure 24, but for the channel B4 data at 76°S and the 
200-500 mb thickness at 75°S 
between 50 mb and the 200-500 mb thickness, the tilt is 48°. The PD 
uncertainty in these cases is 20°. The 50-200 mb tilts are also dis­
played in Figure 21. While this tilt seems to be real, it is less than 
one-sixth of that exhibited by the time-averaged standing waves (141° 
between 50 and 200 mb). On this basis, it is not likely that the 4-day 
wave tilt in the lower stratosphere is Indicative of forcing. 
In summary, the 4-day wave has been observed to have the character­
istics of a normal mode oscillation. In the SH, its eastward period is 
approximately 3.6 days; in the NH, 4.4 days. Its maximum amplitude 
occurs in the vicinity of 72° latitude during the mid-winter months, and 
is ^1.1 and 0.4 K at the 'v 3 mb level in the SH and NH, respectively. 
Its detectable structure is confined to the region poleward of 'v 40° 
latitude in the winter hemisphere. The 4-day wave exhibits only minor 
phase structure in the stratosphere, while a small westward tilt with 
height exists in the lower stratosphere. 
In the NH, evidence is inconclusive due to the presence of a 
standing wave with 4-day period. The smallness of amplitude and phase 
variation strongly argue for its interpretation as a normal mode. The 
4-day wave has been observed in the SH geopotentials, through the use of 
cross-coherences. This observation further confirms Its existence. 
Unfortunately, its amplitude is so small below 200 mb that it cannot be 
seen in the power spectra. The variation of wave period has been shown 
to resemble the changes which occur on a monthly basis in the mean zonal 
wind. This suggests that the wave period is sensitive to Doppler shift­
ing caused by this wind. These observations must be accounted for in the 
explanation of the wave's origin, which will be made in the next section. 
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IV. THEORY 
A. Cylindrical Coordinates and Normal Mode Solutions 
The atmospheric sciences have made only limited use of cylindrical 
coordinates in the past, due to the rarity of phenomena that exhibit any 
sort of radial symmetry. In this section the prior applications of 
these coordinates are reviewed, with emphasis placed on developments 
involving planetary waves. The results of several studies of normal 
modes which utilize a polar-cap geometry, in essence a cylindrical 
geometry centered on the pole, are examined. 
Many fundamental problems in meteorology and atmospheric physics 
can be solved through the use of spherical coordinates. Such problems 
include tides, global climatology and the growth of baroclinic waves. 
In many cases, the spherical geometry results in intractable solutions 
and must be approximated. Other coordinate systems can also be used. 
Local Cartesian coordinates are appropriate to the study of synoptic 
and mesoscale events, such as frontal motion and cumulus growth. The 
equatorial and midlatitude 3-planes are also very useful in the studies 
of latitudinally localized wave growth and propagation. A local 
cylindrical geometry has been used in the study of hurricanes and 
tornadoes. Kurihara (1976) and Willoughby (1977) have used this system 
to examine the development of the spiral rain bands that occur in tropi­
cal cyclones. Tornadoes have been modelled by Rotunno (1979) and 
Staley and Gall (1979), using cylindrical coordinates because of the 
obvious radial geometry of the funnel vortex. 
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Simmons (1974) uses the polar-cap geometry as a part of his study 
of forced planetary waves in a realistic zonal flow. He does this 
because he recognizes that 3-plane approximations are not justifiable 
for regions near the earth's poles, due to the severe convergence of 
lines of longitude. Simmons finds only minor differences between the 
cylindrical and 3-plane model results for forced wave amplitudes and 
structures. 
Haurwitz (1975a) applies the polar-cap geometry to free waves 
(forced or normal mode oscillations that propagate freely) and finds 
that their motion is slowly westward in the absence of zonal winds. He 
explains this as a consequence of the fact that wave motion is derived 
from the latitudinal variation of the coriolis parameter. Near the 
poles this variation is small, resulting in slower motions and longer 
periods. He also finds that waves with smaller meridional wavelengths 
move more slowly for the same reason. Extending his prior work, 
Haurwitz (1975b) determines that Bessel functions provide suitable 
normal mode solutions to the nondivergent vorticity equation for a 
barotropic atmosphere in solid rotation. That is, he takes the mean 
zonal wind v^ to be proportional to the distance from the pole r. He 
also takes the coriolis parameter to be a constant but allows its 
derivative 3 to be nonzero. The radial dependence of the streamfunction 
is found to have solutions of the form cJj^(r/b). Here, c is a constant, 
Jj^ is a Bessel function of order k (the wavenumber), and b is given by 
b = a 
to+kw. JL 
2(w+w^)k 
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where a is the earth's radius, w is the wave angular frequency and 
is the zonal wind angular frequency. These solutions are the same as 
those of a motionless background wind case with an added Doppler shift. 
Haurwitz determines the latitudinal wave structure by arbitrarily setting 
the streamfunction to zero at a given latitude. Because this effectively 
sets the meridional wind to zero, air parcels are not permitted to cross 
that latitude. Figure 26, from Haurwitz (1975b), summarizes his results 
for the cases of no background wind (open bars), a westward wind with 
= -7.27 X 10 ^ s ^ (solid bars above the abscissa), and an eastward 
wind with = 7.27 x 10 ^ s ^ (solid bars below the abscissa) at several 
zonal wavenumbers. The left bar at each wavenumber is the result for a 
streamfunction zero at 61.4° latitude; the right bar, 51.8° latitude. 
The values of interest are located at the bar ends farthest from the 
abscissa. Each wind case studied is fairly representative of lower 
stratospheric conditions at the time of the appropriate solstice. 
Haurwitz also solves the divergent equations for an incompressible and 
homogeneous atmosphere, again finding solutions proportional to Bessel 
functions. These solutions are also given in Figure 26 as the short 
lines above the bars and represent the wave periods for the case of no 
background winds and an equivalent depth of 10 km. Haurwitz finds that 
the planetary wave analyses of Eliasen and Machenhauer (1965, 1969) lend 
support to his findings. Their observational results concerning the 
average phase speed of various harmonic modes with short latitudinal 
wavelengths are in reasonable agreement his solutions to the barotropic 
and nondivergent atmosphere. However, no discrete wave modes are 
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Figure 26. The normal mode solutions of Haurwitz (1975b) for an 
atmosphere with light eastward (a/o) = 0.1), westward (a/w = 
-0.1) and calm background winds. The solutions correspond­
ing to each condition are denoted by the solid bars below 
the abscissa, the solid bars above the abscissa, and the 
open bars, respectively. The left-hand bar at each wave-
number is for the case of a radial wind node at 61.4° 
latitude; the right-hand bar is for a radial wind node at 
51.8°. The short lines above the open bars indicate the 
period of solutions to the divergent equations with no back­
ground wind 
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observed, making the comparison between theory and fact difficult to 
raise above the qualitative. 
The major advance made by Haurwitz is the simplification of a 
difficult numerical problem. In the spherical coordinate system, wave 
normal mode solutions take the form of infinite series whose elements 
are spherical harmonics. These solutions are impossible to determine 
exactly, as the individual terms are divergent. Reasonable solutions 
are obtained through truncation (LH), and the entire process is a costly 
one. On the other hand, Haurwitz' solutions are single Bessel functions 
which can easily be calculated. A second advantage of the polar-cap 
geometry is demonstrated by Haurwitz in the ability to delineate the 
wave extent through the positioning of the streamfunction zero. The 
use of spherical coordinates does not permit this, as the boundary values 
must be taken at the poles. Because there are many observed wave modes 
that are not global in extent, this two-pole condition is often overly 
restrictive. The polar-cap geometry is free of this bias. 
The fact that this geometry is an approximation of the spherical 
case does demand, however, that both systems have similar solutions for 
compatible boundary conditions. Haurwitz does not perform the compari­
sons needed to establish the polar-cap geometry validity, since only 
observational results are used as a check. Bridger and Stevens (1980) 
approach the problem of verification from a different viewpoint. Rather 
than comparing the cylindrical solutions to observations, they choose 
instead the results of LH. The same equations and solutions of Haurwitz 
(1975b) are used in describing an incompressible atmosphere with no 
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background winds. The radial dependence of the meridional wind is 
found to be proportional to 1/r J^(mr), where 
2 . 2flk ) 
f^ = 2Î2, fi is the angular rotational speed of the earth, and g is the 
acceleration due to gravity. It is assumed that 
2 2 
^« 1, (7) 
k^gh 
a justified condition for nearly all normal mode oscillations confined 
to one hemisphere. For the purposes of comparison, the boundary condi­
tions are chosen so that or dv^/dr is zero at the equator (r = 10^ m). 
This produces symmetric or antisymmetric modes similar to those of the 
spherical equations. Figure 27 illustrates their comparison of the two 
geometries' solutions for the k = 1 and h = 8.75 km wave mode with two 
v^ nodes between the pole and equator. The agreement is quite good. 
Bridger and Stevens also compare the solutions for negative and small 
equivalent depths, representing to the forced and equatorial wave modes, 
respectively. They find that the cylindrical geometry distorts the 
equatorial modes, a not unexpected failing. Their conclusion is that 
the polar-plane geometry reasonably approximates that of the sphere for 
equivalent depths of 8.75 km or larger, with best results obtained at 
higher latitudes where the fixed Coriolis parameter is closer to its 
true value. 
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Figure 27. The comparison by Bridger and Stevens (1980) of solutions 
obtained through the use of the polar-plane and spherical^ 
equations. Both solutions represent the wavenumber one 0^ 
Hough mode-driven perturbation radial wind v (top), zonal 
wind u (middle), and geopotential $ (bottom). The amplitudes 
of each are in arbitrary units 
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It can be concluded that, based on the works of Haurwitz, and 
Bridger and Stevens, the polar-cap geometry is applicable to the study 
of normal mode waves of hemispheric extent. With its flexible boundary 
condition and easily computed solutions, it is the most desirable method 
to use in the study of the 4-day wave. 
B. Normal Mode Solutions with Zonal Winds 
In the preceding sections it has been shown that the 4-day wave is 
a likely member of the normal mode class of planetary waves, and that 
the polar-cap geometry developed by Haurwitz (1975a,b) is an appropriate 
tool in the study of high-latitude waves. In this section the equations 
of motion at the polar cap are evolved to include a realistic zonal wind, 
in the hopes of identifying a solution that resembles the 4-day wave. 
The assumptions needed to do this, beyond those of Haurwitz, are detailed 
and supporting evidence is given. 
The equations of motion, and therefore the tidal equations, can be 
expressed in terms of cylindrical coordinates through two direct methods. 
If the equations are already expressed in terms of a different system, a 
transformation with suitable approximations suffices. For example, the 
spherical system becomes the polar-plane if the small angle approxima­
tion is applied to the colatitude and a change of variable is made. It 
is more illuminating, however, to begin with the general vector equations 
and then introduce the cylindrical coordinates. 
The horizontal vector momentum, thermodynamic and coijitinuity equa­
tions in a log pressure coordinate system are 
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•^ + 2^ X V + V$ = 0, (8) 
d$ 
dt 
^  = 0 ,  (9) 
and V • V + 9 1 
9z H 
w = 0, (10) 
where 0^ = 3$/3z, ^ -|^ + ^  , $ is the deviation from the 
basic state geopotential, T is the basic state temperature, K = R/Cp, 
V is the horizontal wind vector, and w is the vertical wind. The 
vertical coordinate z is given by the relation z = H jln(p^/p), where p^ 
is the surface pressure. Expressed in terms of the cylindrical coordi­
nates depicted in Figure 28, Equations 8-10 are 
Dv 
Dt 
20, + V (11) 
Dt 
20 + :^  
r 
(12) 
D0 
Dt 
^ + wN^ = 0, (13) 
1 , 1 Brv, 
7 ^ r ~9r (14) 
where D_ E 9 3 + V 
Dt 3t + V -sf- + w -r—, V is the radial wind com-r 3(j) r 3r 3z r 
ponent, and v^ is the zonal wind component. Placing Equations 11-13 into 
flux form results in the equations 
POLE 
Figure 28. The polar-plane coordinates. The longitude, radial distance from the pole, and altitude 
above the surface are denoted by (|), r, and z, respectively. The zonal, radial, and 
vertical winds are indicated by v*, v^., and w, respectively. It is important to note 
that the radial wind Vj. is defined to be positively directed away from the pole, in 
contrast to the poleward-positive Cartesian meridional wind 
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''r ^  1  ^1  ^  "'i 
8t r 90 r Sr 9z H 
V , '  
20 + -^  = 0, (16) 
and 
3$ , 9$ V, _ 3r$ V 3w$ w0 
z . 1 z (j) _1 z r 
8t * r 3(j) r 3r 3z H ^ + wN^ = 0. (17) 
Each wind component and geopotential can be described in terms of a 
zonal average and perturbation; these are denoted by an overbar and 
prime, respectively. For example, the radial wind v^ can be written as 
Vj. = Vr + v^ , where v^  = -^  
2Tr 
Vpd#. The zonally averaged forms of 
Equations 14-17 are 
^r = -Ff' 
!!î 
Dt 
V  ,  
= ~^r' 
D$ 
Dt 
2 2 — 
+ wN =-G, 
r~9r "f = (18) 
- D _ 3 , — 9 , — 3 , 6 3 
D E = 3 F + V r - â F  +  W à ; -  +  - p % - â ô "  (19) 
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The terms F^, F^, and G represent horizontal and vertical gradients of 
zonal mean eddy fluxes. The perturbation equations are 
Dv! V  9v, 3v! V, 
-^ + vl —^ + v' + w' + 2f2 + —^ 
Dt • (^J) r ' r 3r " " 9z r 
Dv' v, 3v_ 9v f v.-
ÏÏF - + ^ r - 1^  ^+ ^  
D$' 30 3i „ 
Dr + ^:3r + ^ 'af + "'« =-G'. (22) 
where F^, Fj_, and G' are the horizontal and vertical gradients of the 
perturbation eddy fluxes, and D/Dt is defined by Equation 19. 
As a first step towards the simplification of the zonal mean and 
perturbation equations, the known characteristics of normal mode waves 
can be utilized. As has been stated, these waves transport neither 
energy nor momentum and are in phase over great vertical and horizontal 
distances. These observations imply that correlations between the 
perturbation wind and geopotential fields are quite low (Eliassen and 
Palm, 1960). Hence the quantities F^, F^, and G', all expressions 
whose magnitudes depend on these correlations, are expected to be 
relatively small. Further evidence that these nonlinear terms can be 
neglected comes from previous studies which made use of linearized 
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equations. Lindzen (1971) finds good agreement between a linear 
analytical model of equatorial waves and observations. Geisler and 
Dickinson (1976) employ a linear numerical model which reproduces suc­
cessfully the essential characteristics of the 5-day wave. In light of 
the small probable magnitude of the perturbation flux terms and the 
minor role they play in the eventual solution of the system of equations, 
it is plausible to neglect them. 
A second simplification results when w and v^, the zonal mean 
meridional winds, are taken to be zero. Because the stratospheric wind 
and geopotential are, to a high degree, in geostrophic balance, it is 
expected that v^ is small compared to v^. Also, w should be much smaller 
than v^, in light of the mean zonal continuity Equation 18. Adler (1975) 
finds SH zonal mean vertical winds of 6 x 10 ^  m s ^ or less between the 
75 and 20 mb levels. Adler's winds are calculated from Nimbus 3 
radiances taken during the SH winter. Similar vertical wind speeds are 
reported for the NH by Vincent (1968). Vincent also calculates zonal 
mean radial winds for January of two years. At the 10 mb level and 75°N 
latitude, v^ is 1.16 and -0.17 m s ^ in 1964 and 1965, respectively. 
Murgatroyd and Singleton (1961), using a stratospheric circulation 
model, suggest that midwinter values of v^ and w at 75° latitude and 
4 mb are '^0.2 and 0.003 m s respectively. On the basis of these 
works, V and w are taken to be zero. 
r 
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The perturbation Equations 20-22 become, omitting the prime nota­
tion. 
""r (24) 
3v Vj. 9v 
^ + 
9t 
d V  V ,  V . \  r , .  
+ 3? = (25) 
and 
3$ V .  3$ 30 3$ „ 
Within the region of largest measured 4-day wave amplitudes (between 
60° and 80° latitude, 20 and 0.5 mb), the atmosphere is observed to be 
highly barotropic. Hartmann (1976) calculates SH temperatures and geo-
strophic winds from N5 radiances of July and August 1973. The zonal 
mean temperatures, depicted in Figure 29, are seen to be barotropic in 
the 4-day wave region. The mean zonal winds, also in Figure 29, show 
the lack of vertical shear typical of barotropy. The mean SH zonal 
winds of Harwood (1975), based on N4 data, also indicate that the region 
of interest is barotropic. The assumption of barotropy allows the verti­
cal shear of v^ in Equation 24 to be taken as zero. 
It now remains to specify a radial structure for v^. In Figure 30, 
showing winds calculated by Hartmann (1976), it is seen that v^ seems to 
increase proportionately with the distance from the pole at several 
levels. This same dependence is seen in the data of Harwood (1975), 
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Figure 29. Height-latitude cross-sections of zonal mean temperature 
(a) and mean zonal wind (b) in the Southern Hemisphere 
x^nter of 1973, from Hartmann (1976) 
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LATITUDE (°S) 
Figure 30. The mean zonal winds calculated by Hartmann (1976) versus 
latitude, at the 1, 20, and 100 mb levels. The solid lines 
represent solid rotation windspeeds for proportionality 
constant co^ values of 3, 2, and 1 x 10"^ s~l 
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Belmont et al. (1975a), Leovy and Webster (1976) and McGregor and 
Chapman (1979). These studies will be examined shortly. Taking 
equal to w^r, where O)^ is the angular frequency of v^, and applying the 
barotropic assumption to Equations 24-26, the result is 
3v, 3v, 
Tkr+ w* 34) + (20 + ^r + 7 a* = (27) 
3v 9v 
"ât^  (^|) 9^  ~ (2^  + âr ^  0, (28) 
and 
9$ 90 
i t -  + ar ® (29) 
Solutions are assumed to be of the form 
"(r) 
= 
^(r) 
; $ . 
• ^(r) • 
The vertical velocity w is eliminated between Equations 23 and 29, 
resulting in equations separable in z and r. The vertical structure 
given by Z(z) is the same as that found in the spherical geometry case, 
with the separation constant taken to be h. Hence, the same relation­
ships between h and the vertical transport of energy which were described 
in the introduction can be expected to hold. 
I 
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The horizontal structure equation can be written as 
2w*f* 
(30) 
where V* = rV(r), f* = 2Î2 + 2w^, and w* = w + It has been assumed 
that 
k gh 
(31) 
as in Equation 7. Figure 31 displays the wavenumber 1, h = 10 km 
values of w*/2n as a function of r, for which the left-hand side of 
Equation 31 is < 0.1 (indicated by the stippled area). It is seen that 
solutions with period of ^ days are valid to 40° latitude, where the 
4-day wave is quite weak. Solutions to Equation 30 which are well 
behaved at the pole take the form 
argument for the Bessel function. This results in nonphysical behavior 
at the pole and is therefore not possible for realizable modes. Limits 
on the parameters of possible wave modes are provided by Equation 33. 
From the definitions of f* and O)*, it is evident that the solutions 
c 
of Equation 30 represent those of Haurvrttz (1975b) with a Doppler shift 
V(r) « -pJ^(m*r) (32) 
2to*f* 
(33) 
2 
It is possible that m* can be negative, resulting in an imaginary 
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Figure 31. The normal mode solutions with h = 10 km that satisfy the 
condition specified by Equation 31, indicated by the 
stippled area 
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caused by the solid rotation zonal wind. Because the mean zonal wind is 
so important to the form of the solutions, a realistic value of must 
be found before the structures given by Equations 32 and 33 can be com­
pared to observations. The results of a survey of SH stratospheric high 
latitude zonal wind measurements are presented in Table 3. The values of 
are based on the zonal winds between 2 and 15 mb, at or poleward of 
60° latitude depending upon the jet position. The U)^ used in comparison 
with the results of the spectral analyses is an appropriate average 
of these values. When wind data are not available for a specific 
year or month, the 11 year averages of Belmont et al. (1975a) are sub­
stituted. These long-term averages provide reasonable estimates of wind 
speeds, and are applied to the 1972 and 1974 winter seasons. In 1972, 
0)^ is found to be 2.2 x 10 ^  s ^  for April through July; in 1974, June 
through September winds by Belmont et al. give an estimate of to be 
2.4 X 10 ^  s Belmont et al. and Leovy and Webster (1976) give 1971 
-5 -1 
SH winter data indicating an value of 2.8 x 10 s for that time 
period. McGregor and Chapman (1979) data suggest that equals 2.3 x 
-5 -1 
10 s in the SH winter of 1973. The four-winter average, corre­
sponding to the time intervals of Nimbus data analyzed in this study, 
-5 -1 indicates that O). can be taken to be 2.4 x 10 s 
<P 
With now determined for the SH winter, the expected allowed 
structures given by Equations 32 and 33 can be found. Figure 32 shows 
2 
the physically realizable wavenumber 1 waves (those having m* > 0) as 
a function of equivalent depth h. At h = 10 km, the normal mode depth, 
all permitted solutions are eastward propagating with periods of 3.2 to 
4.0 days. 
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Table 3. Determinations of o),, the angular frequency of high-latitude 
mean zonal winds <l> 
Date Wind source 
dy/mo/yr latitude 
0), X 10^  s  ^(P Source 
6/73 
7/73 
8/73 
9/73 
9/71 
22/5/71 
23/6/71 
23/7/71 
22/8/71 
21/9/71 
6-9/71 
6-9/70 
4/(61-71) 
5/(61-71) 
6/(61-71) 
7/(61-71) 
8/(61-71) 
9/(61-71) 
60°S 
60°S 
60°S 
69°S 
70°S 
60°S 
65°S 
65'S 
70°S 
70°S 
60°S 
60°S 
70°S 
70°S 
70°S 
70°S 
70°S 
70°S 
1.8 
2.3 
2.7 
2.3 
2 . 0  
1.8 
3.1 
3.1 
4.1 
2.9 
2.7 
3.3 
1.4 
2 . 2  
2.4 
2.7 
2.5 
2.4 
McGregor and Chapman (1979) 
} Harwood (1975) 
Leovy and Webster (1976) 
Belmont et al. (1975a) 
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Figure 32. The physically allowed solutions to Equation 30 for combina­
tions of equivalent depth h and frequency a)*/2lT, denoted by 
the stippled area. The value of h corresponding to normal 
modes, 10 km, is denoted by the vertical line 
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The latitudinal structure of the allowed normal mode solutions with 
wavenumber 1 structure is not yet determined. The final boundary condi­
tion, specifying the latitude at which a node occurs in and ((), must be 
set. A logical selection of the node position can be made by determining 
the solid rotation approximation's breakdown. In Figure 30, it is seen 
that this simplification fails in the vicinity of the jet stream. The 
portions of solutions which extend equatorwards of the jet, therefore, 
can not be expected to reflect actual observations. A much stronger 
physical argument can be made which is based on the vertical propagation 
characteristics of planetary waves. The vertical structure of planetary 
waves can be found to resemble the solutions of a simple wave equation 
with an index of refraction n (Dickinson, 1968b). The square of this 
index is roughly proportional to the latitudinal gradient of the zonal 
mean potential vorticity and the inverse of the difference between the 
2 
mean zonal wind v^ and the wave phase speed c. Where n is large and 
2 
positive the wave solution is sinusoidal in the vertical; a negative n 
indicates wave decay with height. Critical lines occur where v^-c = 0, 
causing |n^| to go to infinity. Waves incident on critical lines are 
thought to be absorbed or reflected. Regions of the atmosphere where 
2 
n ~ 0 permit wave solutions having very long vertical wavelengths, as 
2 
do the normal modes. Figure 33 displays the values of n calculated 
from the wind data of Hartmann (1976), for waves with eastward motion, 4 
day period, and wavenumber 1. A critical line runs from 0.3 mb to "^/ZO mb 
near 47°S latitude, and continues poleward from there. A zero line is 
found at 76°S between 0.3 and 'v-10 mb. 
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Figure 33. The pressure-latitude cross-section of the index of 
refraction squared for a wavenumber 1, eastward moving, 
4 day period wave. The values are based on the mean 
zonal winds of Hartmann (1976) for July-August 1973 
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It is therefore reasonable to select 47°S to be the nodal latitude, both 
on a physical and mathematical basis. Because the position of the jet 
varies, the latitude selected here should be viewed as only a first 
approximation. The wavenumber 1 solution based on this selection of 
the v^ = 0 line is eastward moving with a period of ^3.5 days, a most 
favorable result. This solution's latitudinal amplitude structure is 
compared to that of the observed SH 3.6 days period wave in Figure 34. 
In the NH, the stratospheric winds are generally weaker and the 
jet stream is located father towards the equator. This results in a 
smaller o)^ value, typically near 1.2 x 10 ^  s according to the 12-
year averages of Belmont et al. (1975a), This value is probably arti­
ficially low, because of the frequent circulation changes caused by 
sudden warmings. During the warmings, the winds are weakly eastward or 
westward and the wave, if present, has a long period. Apart from the 
warmings, the winds are strong and eastward. Rather than the 6-10 day 
period predicted using the average the dichotomous wind behavior 
perhaps allows the wave to exist on a limited basis between warmings. 
In this section, the basic equations of motion have been developed 
into the cylindrical tidal equations and solved for wave-like features. 
The resulting solution with normal mode equivalent depth has the 
latitudinal and temporal characteristics of the 4-day wave. This solu­
tion bears a close resemblence to the 0^ or 0^ Hough mode of LH. The 
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Figure 34. A comparison of the 4-day wave amplitude, observed in four 
winters of channel B23 data and denoted by the dots, with 
the Bessel function solution that corresponds to it, indi­
cated by the line. The solution is that of a wavenumber 1 
eastward moving wave with period of ^3.5 days and a node at 
'\'49°S. A value of 2.4 x 10"^ s~^ has been adopted for 0),. 
The amplitude scale is arbitrary 
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interference caused by sudden stratospheric warmings hinders the compari­
son of theory and NH observations. The next section describes a study 
in which this interference is used to explore the dependence of the 4-day 
wave on the mean zonal wind intensity. 
C. Sudden Stratospheric Warmings and the 4-day Wave 
In the previous section it was found that the period of normal mode 
solutions to the cylindrical tidal equations was dependent on the back­
ground mean zonal wind magnitude. It is evident that the interaction of 
wind and wave must be further explored. In this section, the daily 
variations in wave amplitude are compared to occurrences of sudden 
stratospheric warming events. The findings establish the sensitivity of 
wave period to modifications of the mean zonal wind. 
During the four winters of acceptable satellite radiance data at 
72°N latitude, there occur five warming events (Labitzke, 1977). Warming 
events consist of four types; as characterized by Labitzke, there are 
major, minor, Canadian, and final warmings. Major warmings are reversals 
in the latitudinal temperature gradient at high latitudes, and cause a 
substantial weakening or reversal of the polar vortex. Minor warmings 
are similar, but cause only minor decreases in the vortex strength. The 
displacement of the polar vortex by the Aleutian anticyclone, a semi­
permanent winter feature, results in a Canadian warming. This type of 
warming causes only a slight weakening of the winds. Final warmings 
represent the sudden change from winter to summer circulation and 
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feature a complete reversal of the vortex. Therefore it would seem that 
both major and final warmings should have a large effect on the period 
and structure of the 4-day wave. Canadian and minor warmings should 
have little or no effect. 
Figures 35-38 are plots of the amplitude and phase of channel A and 
B23 wavenumber 1 radiances at 72®N latitude versus day of year. These 
data are digitally filtered, as described in an earlier section, to 
remove all but the wave powers near 4 days period. Dates and types of 
the warmings are indicated by the arrows, although the exact date of the 
event is plus or minus 2 days. The winter of 1970-1971 (Figure 35) has 
a weak eastward propagating wave up to the time of the major warming of 
8 January. Thereafter the amplitude decreases and the phase propagation 
direction is more or less random. It continues to have a period of 4 
days, an artifact of the band pass filter. The 10 and 30 mb level geo-
potential charts prepared by the staff of the Free University of Berlin 
show that the vortex remains disrupted until around day 30; thereafter, 
it exists in a much-weakened state. Figure 36 depicts the 1971-1972 
winter, a period with a great deal of 4-day wave activity and two minor 
warmings. The first takes place in early January and may be responsible 
for the random phase propagation shortly afterwards; the vortex is 
quickly restored and wave activity increases through January. A splitting 
of the vortex takes place between days 30 and 48 of 1972, and the wave 
quickly dissipates. While this event is quite apparent on the Berlin 
maps, it did not meet the criteria of a warming; mention of this event 
is found in Leovy and Webster (1976). Wave activity during the winter 
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Figure 35. The filtered wavenumber 1 amplitude and phase versus day of year for the winter of 1970-
1971. The data used are channel B23 radiances at 72°N latitude. Sudden stratospheric 
warmings are indicated by the arrovœ; the letter appearing above indicates the warming 
type. M, m, C, and F denote major, minor, Canadian, and final warmings, respectively. 
Phase movements that constantly reverse are indicative of a lack of signal 
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Figure 36. As in Figure 35, but for the winter of 1971-1972. The S between arrows refers to the 
time interval during which the vortex is split 
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of 1972-1973 is very weak, as seen in Figure 37. The effects of the 
late-January major warming are difficult to interpret, at best. The 
observation of a general decrease in wave power after the warming sug­
gests that the altered circulation, which lasted through March, has some 
influence. Both a Canadian and final warming occur during the 1973-1974 
winter (Figure 38). The effect of the former is not obvious, while that 
of the latter Is quite profound. The wave power drops quickly after the 
final warming to a level indicative of noise (^0.5 RU). Thus, in 
every warming event during the four winters examined, the 4-day wave 
amplitude Is seen to decrease to or remain at the level of background 
noise. This supports the idea that the zonal wind strength is a major 
factor in the existence of the wave. 
A test is needed to ensure that the amplitudes cited above are 
truly the consequence of 4-day wave activity, and not the result of 
leakage in the filter. A noted feature of stratospheric major and final 
warmings is the rapid and Intense amplification of wavenumber 1 just 
prior to their occurrence. Following the warming, wavenumber 1 decays 
quickly and wavenumber 2 is amplified. The rapid change in wavenumber 1 
amplitudes resembles a sharp spike with a width of roughly a week. It 
is possible that this spike causes a sizable contribution in the pass-
band because of its noise-like nature. Hence, the decay of apparent 4-
day wave amplitude during warmings noted above may be only a reflection 
of other processes. To see if this is so, a comparison is made of raw 
and filtered wavenumber 1 amplitudes for the major warming of January 
1973 and the final warming of February 1974. These comparisons are 
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Figure 37. As in Figure 35, but for the winter of 1972-1973 
lôOF 
UJ 
<d 
1601 
40 ÔO 3 6 5  20 60 
DAY OF YEAR 
Figure 38. As in Figure 35, but for the winter of 1973-1974 
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depicted in Figure 39. In the major warming case, Figure 39a, it is 
evident that the very narrow and strong wavenumber 1 spike just before 
the warming has little effect on the filtered amplitude. This is also 
true for the final warming. Figure 39b, where it is seen that the 
filtered data remains nearly zero after the warming, despite a rapid 
return of wavenumber 1 raw amplitude. These two examples demonstrate the 
band-pass filter's satisfactory rejection of signals and noise outside 
the preferred frequencies. The 4-day wave amplitudes cited earlier are 
therefore correctly interpreted. 
The 4-day wave amplitude behavior can also be examined in the SH 
data. The SH wave amplitudes should remain fairly large during the 
winters, because major warmings are not known to occur in the SH. Figure 
40 shows the filtered amplitudes versus time for the SH winters of 1973 
and 1974. The 4-day wave amplitude has significant magnitude throughout 
the winters, and shows an apparent 2 week period vacillation-like 
oscillation. The source of this variation is likely the semi-periodic 
minor warmings that occur in the SH winter, observed by Madden (1975). 
Madden suggests that these are caused by interference between standing 
and traveling wavenumber 1 modes. Also plotted in Figure 40 is an 
indicator of the wave activity that correlates with minor warmings. 
Coefficients from a global spherical harmonic expansion of N5 channel 
B23 radiance, from a study by Stanford and Dunkerton (1978), are used. 
The coefficients correspond to the four gravest wavenumber 1 modes; 
their root mean square value is calculated as a rough measure of wave 
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Figure 39. A comparison of raw and filtered wayenumber 1 amplitudes in portions of the 1972-1973 (a) 
and 1973-1974 (b) winters. The filtered amplitudes are little affected by the amplifica­
tions of raw amplitudes. The data are the same as those depicted in Figures 37 and 38 
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Figure 40. A comparison of filtered wavenumber 1 amplitudes (solid lines) to the root mean square 
amplitudes of the four gravest wavenumber 1 spherical harmonics (dashed lines), calcu­
lated by Stanford and Dunkerton (1978). Filtered data come from channel B23 radiances 
at 72°S; rms data are global radiance measurements by the same channel. The data are 
for the Southern Hemisphere winters of 1973 and 1974 
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activity. Because this value represents the amplitude of large-scale 
waves, it serves to depict minor warmings. In the case of the 1973 
winter, the 4-day wave activity and the large-scale wave amplitudes have 
a strong negative correlation. The 1974 winter data is much less con­
clusive, perhaps due to the overall weakness of the global waves. The 
one large-amplitude peak at day 207 is reflected in small amplitudes of 
the 4-day wave amplitude, however. Both winters are seen as supporting 
the idea that the 4-day wave is sensitive to variations in the zonal 
winds brought about by minor warmings. 
In this section it has been shown that the 4-day wave is sensitive 
to changes in the zonal wind caused by major, minor and final warmings. 
In the SH, minor warmings weaken the 4-day wave amplitude at periods 
near 4 days; in the NH, the wave is almost completely absent after major 
and final warmings. Whether these attenuations are in fact the Doppler 
shifting of wave amplitude to frequencies outside the filter response 
area or represent the wave's demise can not be determined. The theory 
of the previous section suggests that in the SH case the former explana­
tion holds, while in the NH it is the latter reasoning which applies. 
The weak and noisy nature of the NH 4-day wave compared to that of its 
SH counterpart supports this suggestion. 
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V. SUMMARY AND CONCLUSIONS 
In this study, it has been shown that a planetary-scale wave feature 
exists in the polar winter stratosphere with a wavenumber 1 structure and 
an eastward propagation of period 4 days. Known as the 4-day wave, the 
wave has been found to have little vertical or horizontal phase structure. 
Its amplitude is ^1.1 and ^0.4 K near the 3 mb level in the SH and NH, 
respectively. It has been identified as a member of the class of normal 
mode planetary waves, and is suggested to be either the 0^ or 0^ Hough 
mode of LH. The 0^ structure calculated by Bridger and Stevens (1980) 
is presented in Figure 27. 
The identification of the 4-day wave's nature is made through the 
use of a simplifying approximation to the earth's sphericity known as the 
polar-plane geometry. This is combined with observations of mean zonal 
winds which are found to closely resemble a solid rotation wind field, 
and the barotropic conditions evident near the pole. Agreement between 
solutions of the tidal equations and the 4-day wave SH observations are 
obtained through the use of realistic zonal winds and the boundary condi­
tion of zero wave-induced radial winds at 55°S latitude. This latitude 
has been chosen because of the rapid deviation of the zonal wind from 
solid rotation which happens there. A second consideration is the sub­
stantial barrier presented by a critical line which causes the wave to 
be attenuated or reflected. 
The excellent agreement between theory and physical reality found 
in this study demonstrates the utility of the polar-plane geometry and 
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the simplifications used to linearize the equations of motion. It also 
suggests that the linear equations developed in this work adequately 
describe the motions of the stable polar winter stratosphere, a region 
lacking large energy sources or sinks which often lead to nonlinear 
behavior. The disruptive nature of the highly nonlinear stratospheric 
sudden warmings has also been demonstrated by observations of the changes 
which occur in the 4-day wave. These are thought to be brought about by 
the circulation modifications caused by the warmings, which are felt 
through the abrupt changes in the amount of Doppler shifting of wave 
phase speed. 
In order to insure the validity of power spectra produced from 
Nimbus data, the effects of the satellites' motions have also been 
examined in this study. An equation which provides corrections for power 
lost in the data handling and estimates of power leakage between wave-
numbers has been derived. This equation makes it possible to obtain 
improved estimates of wave amplitudes when there is insubstantial power 
in nearby wavenumbers at like frequencies, as in the case of the 4-day 
wave. 
As pointed out by Venne and Stanford (1979), it is not surprising 
that the 4-day wave has not been observed prior to their study. Measure­
ments of temperatures and geopotential determinations above the 50 mb 
level, needed to reach levels of large wave amplitude, have been erratic 
until recently. This has been especially true at very high latitudes 
during the winter, as balloon-borne radiosondes rarely attain the 30 mb 
level because of premature bursting. For this reason the study of NH 
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transient waves by Sato (1977) fails to detect the 4-day wave. Sato's 
radiosonde data reaches only the 30 mb level ( 'v 23 km) where the wave 
amplitude is still quite small. While higher level data is more fre­
quent and dependable at middle lattitudes, the 4-day wave is much smaller 
there. Deland (1972), despite data to the 10 mb level, is unable to see 
the 4-day wave because he studies only the midlatitudes. 
The Nimbus 3 satellite data analyzed by Deland (1973) also fails to 
detect the 4-day wave at high latitudes. This is likely due to the fact 
that his data originates from a channel whose vertical weighting function 
peaks between 15 and 35 km (channel 8) where the wave is weak. The 
extensive study by Hartmann (1976), utilizing N5 data, also fails to 
detect the wave because his spectral analyses are confined to measure­
ments taken at or equatorward of 50°S. 
Studies of tropospheric fields have been many, and none have seen 
structures resembling the 4-day wave. The study by Kao and Wendell (1970) 
of 100 to 500 mb winds does not see the wave at 80°N. Webster and Keller 
(1975) examine EOLE balloon data collected at the 200 mb level in the SH. 
Their spectral and cross-spectral analyses also do not find any 4-day 
periodicities. NH 500 mb geopotentials of 10 years have been studied by 
Blackmon (1976), who uses spherical harmonic expansions. Near 5 day 
periods he finds that winter wavenumber 1 features with meridional 
scales like that of the 4-day wave are predominantly stationary with a 
westward traveling component. Another spectral study of 500 mb geo­
potentials by Fraedrich and Bottger (1978) also finds no significant sig­
nificant structures of wavenumber 1 and 'V'4 day period at 50°N. 
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While it is evident from the studies described above that normal 
mode detection is difficult in the troposphere (for the 4-day wave case), 
the larger amplitudes in the stratosphere make the upper-channel Nimbus 
radiances especially sensitive to these waves. This sensitivity permits 
the observation of a 2.3 day period, westward moving wavenumber 2 mode 
previously unseen. From the lack of vertical structure it has been 
2 
tentatively identified as the normal mode 0^. 
The observations of the 2.3-day and 4-day waves, as well as those 
of other features detailed previously, all serve to exhibit the wealth 
of information that awaits discovery in satellite data. It is likely 
that many more normal modes are present in the data, their detection 
awaiting only closer scrutiny. The ease with which the 4-day wave has 
been seen implies its compatibility with an essentially linear atmo­
sphere; the modes yet to be seen, being smaller in amplitude, may demand 
more complex and rigorous theories before yielding to solution. It is 
hoped that the success of this study can serve as an encouragement to 
efforts not yet begun. 
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VIII. APPENDIX: LIST OF SYMBOLS AND ABBREVIATIONS 
a radius of the earth 
Cp specific heat at constant pressure 
c^ specific heat at constant volume 
f frequency, cycles/unit time 
f^ Coriolis parameter 
g gravitation of the earth 
h equivalent depth 
j modified zonal wavenumber 
k zonal wavenumber 
I meridional structure coefficient 
p pressure 
p^ pressure at earth's surface 
q zonal mean potential vorticity 
r radial distance from pole 
t time 
V radial wind 
r 
V .  zonal wind 
<P 
w vertical wind 
z vertical coordinate 
C zonal Fourier cosine coefficient 
H scale height 
J^(x) Bessel function of order n and agrument x 
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N Brunt Vais&lla frequency 
P spectral power 
R gas constant 
S zonal Fourier sine coefficient 
T basic state temperature 
one day 
V radial structure function of radial wind 
V horizontal wind velocity 
W wave amplitude 
3 Coriolis parameter latitudinal gradient 
Ô arbitrary phase angle 
K R/Cp 
\ latitude 
p red noise coefficient 
(f) longitude 
0) frequency, radians/unit time 
00^  angular speed of zonal wind 
A Doppler-shift phase angle 
Ic 
0^ Hough function with wavenumber k, meridional index A structure 
$ geopotential deviation from basic state 
angular speed of earth's rotation 
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CCS cross-coherence squared 
DOF degrees of freedom 
FP fractional power 
LH Longuet-Higgins (1968) 
NH Northern Hemisphere 
N4 Nimbus 4 
N5 Nimbus 5 
PD phase difference 
RU radiance unit 
SCR selective chopper radiometer 
ses self-coherence squared 
SH Southern Hemisphere 
SLP sea level pressure 
